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REMARKS 

Regarding the amendments 

The specification has been amended at page 4 to 
replace the first full paragraph with a paragraph which is 
identical, except for replacing the abbreviation "SNAP-25" at 
line 12, with the corresponding full name "synaptosome- 
associated protein of molecular weight 25 kilodaltons . " The 
amendment to page 4 of the specification is supported, for 
example, by Vaidyanathan et al., J. Neurochem. 72: 327-337 
(1999), at page 327, abstract, which indicates that the term 
"SNAP-25" is an abbreviation for "synaptosome-associated protein 
of 25 kDa." Vaidyanathan et al., which is cited in the 
specification at page 30, lines 26-27, and incorporated by 
reference into the specification at page 116, lines 21-24, is 
attached hereto as Exhibit A. 

The specification has similarly been amended at page 5 
to replace the first incomplete paragraph with a paragraph which 
is identical, except for replacing the term "VAMP" at line 8 
with the corresponding full name "vesicle-associated membrane 
protein." The amendment to page 5 of the specification also is 
supported, for example, by Vaidyanathan et al., Exhibit A, page 
327, abstract, which indicates that the term "VAMP" is an 
abbreviation for "vesicle-associated membrane protein." 

Claim 42 has been amended to indicate that the recited 
sample is formulated BoNT/A product containing human serum 
albumin. The amendment to claim 42 is supported throughout the 
specification, for example, at page 104, lines 20-28, which 
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discloses formulated clostridial toxin products containing human 
serum albumin, and in Example I (especially page 115, lines 29- 
31) , which indicates that the formulated BOTOX® product is a 
BoNT/A. 

Claims 49 to 52 have been amended herein to recite a 
"BoNT/A or BoNT/E substrate" in order to agree with the 
antecedent basis provided in base claim 35 (step a) . The 
amendment to these claims is supported by original claim 35 and 
does not add new matter. 

As set forth above, each of the amendments to the 
specification and claims is supported by the specification or 
claims as originally filed and does not add new matter. 
Accordingly, Applicants respectfully request that the Examiner 
enter the amendments. 

Regarding Objections to the Specification 

Regarding "SNAP" and "VAMP" 

The Examiner objects to the specification for using 
the abbreviations SNAP, VAMP and FLAG. As discussed above, the 
specification has been amended herein at pages 4 and 5 to give 
the full name for the abbreviations "SNAP" and "VAMP" where they 
appear for the first time in the specification. 

Regarding "FLAG" 

To Applicants' knowledge, "FLAG" is not an 
abbreviation but is, instead, a nonproprietary designation for a 
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particular, well-known 8-residue epitope. Applicants 
respectfully point out that such names used in trade are 
permissible in patent applications if, in this country, their 
meanings are well known and satisfactorily defined in the 
literature as set forth in MPEP 608. 01 (v). As evidence that the 
term "FLAG" was well known and defined at the time the subject 
application was filed, Applicants submit herewith Exhibits B and 
C. As indicated in Exhibit B (Brizzard et al., "Immunoaf f inity 
Purification of FLAG epitope-tagged bacterial alkaline 
phosphatases using a novel monoclonal antibody and peptide 
elution," Biotechniques 16:730-735 (1994)), the FLAG epitope is 
an eight amino acid peptide which has the sequence Asp Tyr Lys 
Asp Asp Asp Asp Lys and is useful for immunoaf f f inity 
purification (see abstract) . Similarly, Exhibit C (Fulton et 
al., "Functional analysis of avian class I (BPIV) glycoproteins 
by epitope tagging and mutagenesis in vitro," Eur. J. Immunol. 
25: 2069-2076 (1995)), corroborates that "FLAG" was a well-known 
epitope tag (page 2069, abstract) . In light of these 1994 and 
1995 publications, Applicants submit that "FLAG" was a well- 
defined term in the art of molecular biology at the time the 
subject application was filed. Accordingly, Applicants submit 
that the use of the term "FLAG" is appropriate in the subject 
application. 

In view of the above, Applicants respectfully request 
that the Examiner remove the objection to the specification 
based on the use of the terms "SNAP," "VAMP," and "FLAG." 
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Regarding several trademarks 

The use of several trademarks has been noted by the 
Examiner, for example, at pages 4 to 11, 14 and 20 of the 
specification. The Office Action indicates that, while the use 
of trademarks is permissible in patent applications, the 
proprietary nature of the marks should be respected and every 
effort made to prevent their use in any manner that might 
adversely affect their validity as trademarks. The Office 
Action further indicates that trademarks should be capitalized 
and accompanied by generic terminology. 

Applicants respectfully submit that trademarks have 
not been used in the specification in a manner which would 
adversely affect their validity. Rather, the proprietary nature 
of the marks have been respected by the use of the proper 
trademark symbol "®" following the name of the trademark. See 
MPEP 608. 01 (v). Thus, Applicants have respected the proprietary 
nature of trademarks such as Alexa Fluor® 488, QSY 7® and BOTOX®. 
Applicants further submit that no accompanying generic 
terminology is necessary where the trademark has a fixed and 
definite meaning in the art, unless some characteristic of the 
trademarked article is involved in the invention (MPEP 
608. 01 (v)). In view of the above remarks, Applicants submit 
that trademarks have been properly used in the specification, 
and respectfully request that this ground for objecting to the 
specification be removed. 
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Regarding the Objections to the Claims 

The objection to claims 39 and 40 under 37 C.F.R. 
1.75(c) as allegedly in improper multiple dependent claim form 
is respectfully traversed. 

Applicants respectfully disagree that the wording of 
claims 39 and 40 is improper and assume, absent any indication 
to the contrary, that the objection is based on the withdrawal 
of claim 37. Applicants respectfully request that the Examiner 
withdraw the embodiment of each of claims 39 and 40 depending 
from claim 37, and remove the objection as it pertains to the 
remaining embodiments of claims 39 and 40. Should this 
objection be maintained, further clarification by the Examiner 
is respectfully requested. 



Regarding the double patenting rejections 

The provisional rejection of claims 35, 36, 38, 39, 
41, 42, 44, 45, 47, 48 and 53 under the judicially created 
doctrine of obviousness-type double patenting as allegedly 
unpatentable over claims 61 to 63, 67, 71 to 74, and 76 to 82 of 
U.S. application Serial No. 10/261,161 is respectfully 
traversed. Applicants respectfully defer responding to this 
provisional rejection until allowable subject matter is 
indicated. 
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Regarding the rejection under 35 U.S.C. § 112, first 
paragraph 

The rejection of claims 49 to 51, and corresponding 
objection to the specification under 35 U.S.C. § 112, first 
paragraph, as allegedly failing to provide an enabling 
disclosure, respectfully are traversed. In this regard, while 
the Office Action acknowledges that "at most 5% cleavage" is 
enabled, it is alleged that the specification fails to enable 
"at most 15% cleavage," "at most 25% cleavage" and "at least 90% 
cleavage" of the recited substrate. The Office Action indicates 
that the rejection is based, in part, on the lack of working 
examples in the specification. 

Applicants wish to clarify for the record that the 
recited "at most 5% cleavage," "at most 15% cleavage," "at most 
25% cleavage" and "at least 90% cleavage" refer to the total 
percentage of the original amount of input substrate which is 
cleaved at the time resonance energy transfer is determined. In 
particular, claims 49 to 52 do not relate to hydrolysis rates , 
as asserted in the Office Action. Furthermore, Example I does 
not disclose a percentage of substrate cleaved but, rather, 
indicates that there is a reduction of at least about 5% in the 
emission wavelength at '585 nm, or an increase of about 5% in the 
emission wavelength at 520 nM, which is indicative of protease 
activity. 

Applicants submit that, in view of the guidance 
provided in the specification, one skilled in the art would have 
been able to choose suitable conditions such that the desired 
extent of cleavage would be achieved in the protease assays of 
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the invention. In this regard, the specification teaches that 
assay times can be varied to achieve different extents of 
cleavage in a protease assay, for example, depending on the 
concentration, purity and activity of clostridial toxin in the 
sample (page 105, lines 14-22) . Furthermore, as taught in the 
specification, assay times can be varied by convenient 
termination of the protease reaction by any of a variety of 
means such as addition of H 2 S0 4 , sodium borate, high pH or zinc 
chelators (specification at page 105, lines 22-28) , or by 
varying the time at which resonance energy transfer is 
determined. Thus, the extent of cleavage in a protease assay of 
the invention can be routinely adjusted by varying assay times, 
for example, using well-established termination conditions 

In view of the above, only routine techniques, and not 
undue experimentation, would have been required for the skilled 
person to adjust the extent of substrate cleavage depending, for 
example, on the purity and concentration of toxin in the sample 
and the reaction conditions selected. Guidance regarding 
specific exemplary conditions suitable for BoNT/A protease 
activity is provided throughout the specification, for example, 
at page 105, line 29, to page 106, line 14. Further, laboratory 
workers standardly vary assay parameters such as reaction 
length, and such standard variation of one or more assay 
parameters does not require undue experimentation. 

In sum, in view of the guidance in the specification 
and what was well known in the art at the time' the invention was 
made, varying assay times to adjust the extent of cleavage wuuiu 
have been well within the level of one skilled in the art and 
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"would not constitute undue experimentation. "Accordingly, 
Applicants respectfully request that the Examiner remove the 
rejection of claims 49 to 51, and the corresponding objection to 
the specification under the first paragraph of 35 U.S.C. § 112. 

Regarding the rejection under 35 U.S.C. § 112, second 
paragraph 

The rejection of claims 35 to 53 under 35 U.S.C. §112, 
second paragraph, as allegedly lacking clarity respectfully is 
traversed. 

Regarding the phrase "under conditions suitable for 
clostridial toxin protease activity" 

Claim 35 recites "treating a sample, under conditions 
suitable for clostridial toxin protease activity, with a BoNT/A 
or BoNT/E substrate." This claim stands rejected under the 
second paragraph of 35 U.S.C. § 112 on the ground that the metes 
and bounds of such "suitable conditions" are unclear. 

Applicants submit that the phrase "conditions suitable 
for clostridial toxin protease activity" is clear to the skilled 
person in view of the specification and what was well known in 
the art. In particular, the skilled person understands that 
proteases and other enzymes have activity under suitable 
conditions such as within a range of salt concentrations, range 
of pH, range of temperatures and in the presence of any 
necessary co-factors. Where a sample containing BoNT/A or 
BoNT/E toxin is treated with a BoNT/A or BoNT/E substrate "under 
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conditions suitable ' "for clostridial toxin protease activity, " 
the BoNT/A or BoNT/E substrate will be cleaved. In contrast, 
one skilled in the art understands that, even where a sample 
containing BoNT/A or BoNT/E toxin is treated with a substrate, 
there will be no cleavage under conditions which are not 
suitable for clostridial toxin protease activity. 

Furthermore, the phrase "conditions suitable for 
clostridial toxin protease activity" is clear to the skilled 
person in view of the specification. Exemplary conditions 
suitable for clostridial toxin protease activity are well known 
in the art as set forth in the specification (page 102, lines 
16-22) . In this regard, the specification teaches that 
"conditions suitable for clostridial toxin protease activity 
generally include an appropriate concentration of a buffer such 
as HEPES, Tris or sodium phosphate; (3-mercaptoethanol, 
dithiothreitol (DTT) or another reducing agent where the sample 
contains dichain toxin; and a source of zinc; and, further, 
generally exclude zinc chelators such as EDTA (page 102, line 
22, to page 103, line 15) . The specification further teaches 
that exemplary conditions "suitable for BoNT/A protease 
activity" can be incubation at 37 °C in a buffer such as 30 mM 
HEPES (pH 7.3) containing a reducing agent such as 5 mM 
dithiothreitol; a source of zinc such as 25 \iM zinc chloride and 
1 jag/ml toxin, with bovine serum albumin (BSA) in the range of 
0.1 mg/ml to 10 mg/ml (page 105, line 29, to page 106, line 6). 
As exemplified in Example I and taught in the specification, 
"conditions suitable for BoNT/A activity" also can be incubation 
at 37 °C for 30 minutes in a buffer containing 50 mM HEPES (pH 
7.4), 1% fetal bovine serum, 10 \iM zinc chloride and 10 mM DTT 
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with 10 iiM substrate (page "106/ "lines 9-14 )". In view of the 
above and what was well known in the art at the time the 
application was filed, one skilled in the art understands that 
"conditions suitable for clostridial toxin protease activity" 
are any of the above or similar conditions under which a 
clostridial toxin substrate is specifically cleaved. In sum, 
Applicants submit that the phrase "conditions suitable for 
clostridial toxin protease activity" is clear and definite, and, 
accordingly, respectfully request that the Examiner remove this 
ground for rejection. 

Regarding the phrase "under the appropriate conditions" 

The concluding phrase of claim 35, step (a) , recites 
that "under the appropriate conditions, resonance energy 
transfer is exhibited between said donor fluorophore and said 
acceptor." The Office Action alleges that the metes and bounds 
of such "appropriate conditions" are not clear. Applicants 
respectfully traverse this rejection of claim 35. 

Applicants submit that, in view of the specification, 
one skilled in the art understands that resonance energy 
transfer can be exhibited between a particular donor 
f luorophore/acceptor pair. As is well known in the art and set 
forth in the specification, fluorescence resonance energy 
transfer is a physical process by which energy is transferred 
non-radiatively from an excited donor fluorophore to an acceptor 
through intramolecular long-range dipole-dipole coupling 
(specification at page 68, lines 21-26) . As further taught in 
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the specification/ actual resonance energy transfer is exhibited 
when the donor fluorophore is excited under appropriate 
conditions which include an appropriate separation distance and 
orientation of the donor fluorophore and acceptor as described 
by the Forster equation, and further depends in part on the 
fluorescent quantum yield of the donor fluorophore and its 
energetic overlap with the acceptor (page 68, lines 21-33; page 
69, line 25, to page 70, line 71, line 12) . Appropriate 
conditions also include substantial spectral overlap between the 
emission spectrum of the donor fluorophore and the excitation 
spectrum of the acceptor (page 71, lines 15-19) . 

In view of what was known about the phenomenon of 
resonance energy transfer and the teachings of the 
specification, it is clear to the skilled person that 
"appropriate conditions" for resonance energy transfer include 
excitation of the donor fluorophore; selection of a donor 
f luorophore/acceptor pair such that there is substantial 
spectral overlap between the emission spectrum of the donor 
fluorophore and the excitation spectrum of the acceptor; and an 
appropriate separation distance and orientation of the donor 
fluorophore and acceptor in the clostridial toxin substrate. In 
sum, Applicants submit that the clause "under the appropriate 
conditions, resonance energy transfer is exhibited between said 
donor fluorophore and said acceptor" is clear to the skilled 
person in view of the specification. Applicants therefore 
respectfully request that the Examiner remove this ground for 
rejecting claim 35 as allegedly indefinite. 
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Regarding claims '39 and 40 

Claims 39 and 40 stand rejected under 35 U.S.C. § 112, 
second paragraph, as allegedly unclear for reciting "wherein 
said sample is isolated clostridial toxin." Applicants submit 
that claims 39 and 40 are clear as written. Nevertheless, in 
order to further clarify this phrase, claims 39 and 40 have been 
amended to recite "wherein said sample is an isolated 
clostridial toxin." Introduction of the article "an" is made in 
order to further prosecution of the subject application and does 
not change the scope of the claims. Accordingly, Applicants 
respectfully request that the Examiner remove this ground for 
rejecting claims 39 and 40 under 35 U.S.C. § 112, second 
paragraph. 

Regarding claim 42 

Claim 42 stands rejected as allegedly unclear due to 
the use of the trademark BOTOX®. In making the rejection, the 
Office Action states that a trademark or trade name identifies a 
source of goods rather than the goods themselves and further 
indicates that a trademark or trade name cannot be used to 
identify a particular material or product in a claim. 

Applicants submit that claim 42 is clear as written. 
Nevertheless, in order to further prosecution, claim 42 has been 
amended to delete the term "BOTOX®" and to specify that the 
sample is a fo. rm v1 ?t^d Rr»NT/A prnHnr.t r.nntaining human serum 
albumin. The amendment to claim 42 does not narrow the scope of 
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the claim. In "view of the above remarks and "amendments, 
Applicants submit that the scope of claim 42 is clear and 
definite and respectfully request that the Examiner remove this 
ground for rejection. 

Regarding claim 53 

In regard to claim 53, the Office Action asserts that 
the phrase "wherein the conditions suitable for clostridial 
toxin protease activity are selected such that the assay is 
linear" is not clear. The Office Action queries how one skilled 
in the art can select such conditions. 

A "linear" assay is a term of art well-known to the 
skilled person to mean an assay in which there is a direct, or 
linear, relationship between two variables. In the present 
case, the methods of the invention are directed to determining 
protease activity of BoNT/A or BoNT/E by determining resonance 
energy transfer of a treated BoNT/A or BoNT/E substrate. Thus, 
it is clear to the skilled person that, where conditions are 
selected such that an assay of the invention is linear, there 
will be a direct relationship between the protease activity in 
the sample and the observed resonance energy transfer. 
Applicants therefore submit that the phrase "wherein the 
conditions suitable for clostridial toxin protease activity are 
selected such that the assay is linear" is clear and definite to 
the skilled person. 
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As further clarification regarding conditions suitable 
for "linear assays," the specification teaches that linearity is 
lost in assays run using high concentrations of substrate or 
toxin due to the "inner filter effect" involving intermolecular 
energy transfer. The specification further teaches that the 
concentration of clostridial toxin substrate or the amount of 
sample can be limited to produce a linear assay. As non- 
limiting examples, suitable conditions for linear assays include 
limiting clostridial toxin substrate concentrations to less than 
100 yM, 50 yiM or 25 yM (page 104, lines 1-12) . As further 
guidance to the skilled person regarding conditions suitable for 
linear assays, the specification teaches that a linear assay can 
be performed by diluting clostridial toxin substrate with 
corresponding unlabeled substrate lacking donor fluorophore and 
acceptor (page 104, lines 12-19). Similarly, purified or 
partially purified or crude toxin samples can be diluted to 
within a convenient range such that the assay for toxin protease 
activity is linear (page 104, line 30, to page 105, line 2) . 
Thus, in view of the well known meaning of the term "linear 
assay" and further in view of the guidance in the specification, 
Applicants submit that the phrase "wherein the conditions 
suitable for clostridial toxin protease activity are selected 
such that the assay is linear" is clear and definite to the 
skilled person. Accordingly, Applicants respectfully request 
that the Examiner remove the rejection of claim 53 under 35 
U.S.C. §112, second paragraph. 
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Regarding the terms "'at mos't" and '"at least'' 

It is alleged that the terms "at most" and "at least" 
in claims 4 9 to 52 are relative terms that render the claims . 
indefinite . 

Applicants submit that claims 49 to 52 are clear and 
definite as written. Claim 49 recites wherein at least 90% of 
said BoNT/A or BoNT/E substrate' is cleaved; and claims 50 to 52 
recite wherein at most 25%, 15% or 5%, respectively, of said 
BoNT/A or BoNT/E substrate is cleaved. From the plain meaning 
of "at least 90%" in claim 49, one skilled in the art 
understands that cleavage of 90%, 91%, 92%, 95% or more of the 
BoNT/A or BoNT/E substrate falls within the claims. In short, 
one skilled in the art understands that, in the method of claim 
49, 90% or more of the BoNT/A or BoNT/E substrate is cleaved. 
It is further understood that the recited "90%" is relative to 
the original amount of uncleaved BoNT/A or BoNT/E substrate with 
which the sample was treated. Similarly, from the plain meaning 
of "at most 25%" in claim 50, one skilled in the art understands 
that cleavage of, for example, 1%, 5%, 10%, 15%, 20% or 25% of 
the BoNT/A or BoNT/E substrate is encompassed by claim 50. 
Clearly, in the method of claim 50, there- is cleavage of 25% or 
less of the original amount of uncleaved substrate with which 
the sample was treated. Analogously, there is cleavage of 15% 
or less, or cleavage of 5% or less, respectively, of the 
original amount of uncleaved substrate in the method of claim 51 
or 52. In sum, Applicants assert that one skilled in the art is 
unambiguously apprised of the scope u£ uidims 4 3 Lu 52. The 
Examiner is therefore respectfully requested to remove the 
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rejection of claims 49 to 52 under 35 U. S'.CV §112, second 
paragraph . 



Regarding the phrase "at one or more later time intervals" 

The Examiner alleges that claim 48, which depends on 
base claim 35, is indefinite for reciting "repeating step (c) at 
one or more later time intervals." 

Applicants submit that claim 48 is clear and definite 
in view of the specification. As is clear from reviewing the 
language of step (c) of base claim 35, the step which is to be 
repeated at one or more later time intervals is "determining 
resonance energy transfer of said treated substrate relative to 
a control substrate." From this language, one skilled in the 
art clearly understands that step (c) is performed two or more 
times. One skilled in the art further clearly understands that 
the one or more repetitions of step (c) are not performed 
simultaneously but, rather, are performed sequentially. 

Claim 48 further is clear and definite in view of the 
teachings of the specification. The specification teaches, for 
example, that the methods of the invention for determining 
clostridial toxin protease activity involve determining 
resonance energy transfer of a clostridial toxin substrate 
treated with a sample relative to a control substrate and can be 
practiced as fixed-time or continuous-time assays. In a "fixed- 
time" cicely, resonance energy transfer is H^"h^r*m"i npH ^ f* ^ Minnie 
point in time, while in continuous-time assays, fluorescence 
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resonance energy transfer is determined at two or more, five or 
more, ten or more, or twenty or more different intervals (page 
112, line 26, to page 113, line 5) . In sum, one skilled in the 
art understands that the method of claim 48 is practiced by 
determining resonance energy transfer at least twice, with the 
determinations occurring sequentially rather than 
simultaneously. Accordingly, claim 48 is clear and definite as 
written, and Applicants respectfully request that the rejection 
of claim 48 be removed. 

Regarding the rejection under 35 U.S.C. §103 

The rejection of claims 35 to 53 under 35 U.S.C. 
§103 (a) as allegedly obvious over Schmidt and Bostian (U.S. 
Patent No. 5,965,699) in view of Clegg, Curr. Opin. in 
Biotech . 6:103-110 (1995), respectfully is traversed. 

The Office Action indicates that the cited Schmidt and 
Bostian patent describes a label-based assay for quantitation of 
BoNT/A. In particular, Schmidt and Bostian appear to describe a 
17-mer BoNT/A peptide substrate and a f luorescamine label for 
detection of free amino groups following proteolysis of peptide 
substrate by the toxin. The Office Action acknowledges that, 
while Schmidt and Bostian appear to describe the use of 
f luorescamine as a fluorophore, the cited patent does not teach 
or suggest assaying BoNT/A activity using fluorescence resonance 
energy transfer as claimed. However, it is alleged that Clegg 
generally reports the utility of fluorescence resonance energy 
transfer in biological assays and for the study of enzymes. The 
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Office Action concludes that it would have been obvious to 
combine the method of Schmidt and Bostian with the well known 
FRET technique reviewed in Clegg. 

Applicants submit that the methods of the invention 
are unobvious over the cited references, either alone or in 
combination. Specifically, neither Schmidt and Bostian nor the 
cited Clegg publication teaches or suggests resonance energy 
transfer assays for determining protease activity of BoNT/A or 
BoNT/E and, further, does not teach or suggest a BoNT/A or 
BoNT/E substrate containing a donor fluorophore, an acceptor and 
a BoNT/A or BoNT/E recognition sequence including a cleavage 
site. Furthermore, as discussed below, there is no motivation 
to modify the assay of Schmidt and Bostian by incorporating 
fluorescence resonance energy transfer. 

Specifically, the claimed resonance energy transfer- 
based methods are valuable, in part, because they are simple 
homogeneous screening assays that do not require separation of 
cleaved product from uncleaved substrate (specification at page 
18, lines 20-25) . However, this advantage is shared by the 
Schmidt and Bostian assay in which f luorescamine is used to 
label free amino groups in BoNT/A cleavage products. In this 
regard, Schmidt and Bostian report that: 

We have developed a set of peptides 
containing modified sequences which do not 
react with f luorescamine but are good 
substrates for the proteolytic activity of 
type A botulinum toxin. Thus, the 
requirement for expensive and time-consuming 
product separation has been completely 
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eliminated (U.S. Patent No. 5, 965, 699;" 
column 4, lines 21-25; emphasis added) . 

Schmidt and Bostian further report that outdated assays for 
BoNT/A activity relied on HPLC separation and quantitation of 
substrate hydrolysis products and further emphasized that their 
f luorescamine-based assay can be performed in an hour or less 
"since no separation of hydrolysis products is needed" (column 
2, lines 20-26) . Similarly, Schmidt and Bostian indicate that 
their f luorescamine-based assays are sensitive, accurate and "do 
not require prior separation of products" (column 2, lines 39- 
45) . In view of these reported advantages, Applicants submit 
that one skilled in art would not have been motivated to modify 
the f luorescamine-based assay of- Schmidt and Bostian, which was 
already sensitive and accurate and avoided product separation. 

Furthermore, Schmidt and Bostian describe labeling a 
BoNT/A cleavage product with a fluorophore but do not teach or 
suggest a BoNT/A or other botulinum toxin substrate that 
contains a donor fluorophore or other fluorescent label. In 
particular, Schmidt and Bostian report labeling a hydrolyzed 
BoNT/A peptide product with the fluorophore f luorescamine . See, 
for example, Schmidt and Bostian at column 2, lines 37-41, which 
indicates that results were quantitated by addition of a label 
after toxin-catalyzed hydrolysis of peptide substrates, followed 
by measuring the amount of label; and column 4, lines 12-17, 
which indicates that the non-fluorescent detection reagent 
f luorescamine raar.t.a with amino groups to give intensely 
fluorescent compounds. Thus, in the methods of Schmidt and 
Bostian, f luorescamine is used to label cleaved peptide product . 
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Given that cleaved peptide product, and not substrate, 
is labeled, the assay of Schmidt and Bostian is free from the 
possible interference with proteolysis that introducing a donor 
fluorophore into a substrate may produce. In contrast, one 
skilled in the art would not have known whether labeling a 
BoNT/A substrate with a bulky donor fluorophore would interfere 
with BoNT/A protease activity, and, therefore, would not have 
been motivated to modify the proven Schmidt and Bostian 
f luorescamine assay by incorporating a substrate that contains a 
donor fluorophore . 

In sum, neither of the cited references, alone or in 
combination, teach or suggest a BoNT/A or BoNT/E substrate 
containing a donor fluorophore, an acceptor and a BoNT/A or 
BoNT/E recognition sequence which includes a cleavage site. 
Furthermore, there is no motivation to combine the teachings of 
Schmidt and Bostian with those of Clegg in order to modify 
Schmidt and Bostian' s f luorescamine-based assay. Absent such 
motivation, the claimed' methods are unobvious over the" cited 
references . 

In view of the above, Applicants respectfully request 
that the Examiner reconsider and remove the rejection of claims 
35 to 53 under 35 U.S.C. § 103 over Schmidt and Bostian in view 
of Clegg. 
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CONCLUSION 

Applicants respectfully request that the Examiner 
consider the amendments and remarks herein above. Should the 
Examiner have any questions, he is invited to call the 
undersigned agent or Cathryn Campbell. 
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Abstract: Tetanus toxin and the seven serologically dis- 
tinct botulinal neurotoxins (BoNT/A to BoNT/G) abrogate 
synaptic transmission at nerve endings through the ac- 
tion of their light chains (L chains), which proteolytically 
cleave VAMP (vesicle-associated membrane protein)/ 
synaptobrevin, SNAP-25 (synaptosome-associated pro- 
tein of 25 kDa), or syntaxin. BoNT/C was reported to 
proteolyze both" syntaxin and SNAP-25. Here, we dem- 
onstrate that cleavage of SNAP-25 occurs between 
Arg 198 and Ala 199 , depends on the presence of regions, 
Asn 93 to Glu 145 and lie 156 to Met 202 , and requires about 
1,000-fold higher L chain concentrations in comparison 
with BoNT/A and BoNT/E. Analyses of the BoNT/A and 
BoNT/E cleavage sites revealed that changes in the car- 
boxyl-terminal residues, in contrast with changes in the 
amino-terminal residues, drastically impair proteolysis. A 
proteolytically inactive Bo NT/A L chain mutant failed to 
bind to VAMP/synaptobrevin and syntaxin, but formed a 
stable complex (K D = 1.9 x 1CT 7 M) with SNAP-25. The 
minimal essential domain of SNAP-25 required for cleav- 
age by BoNT/A involves the segment Met 146 -Gln 197 , and 
binding was optimal only with full-length SNAP-25. Pro- 
teolysis by BoNT/E required the presence of the domain 
l (e is6_ As pi86 M ur j n e SNAP-23 was cleaved by BoNT/E 
and, to a reduced extent, by BoNT/A, whereas human 
SNAP-23 was resistant to all clostridial L chains. 
Lys 185 Asp or Pro 182 Arg mutations of human SNAP-23 
induced susceptibility toward BoNT/E or toward both 
BoNT/A and BoNT/E, respectively. Key Words: Clos- 
tridial neurotoxins— SNAP-25— SNAP-23— Proteolysis— 
Protease binding assay. 
■J. Neurochem. 72, 327-337 (1999). 



Clostridia produce several powerful neurotoxins; tet- 
anus toxin and botulinal neurotoxins BoNT/A to 
BcNT/G cauct the clinical rn?r ii ^ pQr ^ rinn ^ of tetanus and 
botulism in a large variety of animal species and humans. 
The toxins are synthesized as single-chain polypeptides 
with molar masses of ~~ 1 50 kDa. On lysis of the bacteria 
and activation by proteolytic cleavage, the light chains (L 



chains; 50 kDa) remain disulfide bound to the. heavy 
chains (H chains; 100 kDa). The extreme neurotoxicity is 
largely ascribed to the H chains, which bind to neuronal 
receptors that internalize the holotoxins, and translocate 
the L chains into the cytosol. Here, the L chains block 
fusion of synaptic vesicles with the presynaptic mem- 
brane (Simpson, 1989). 

The genes of the eight known clostridial neurotoxins 
have been cloned and characterized (for review, see 
Niemann et aL, 1994). The L chains contain a Zn 2+ - 
binding motif, His-Glu-X-X-His, alsp found in an in- 
creasing number of zinc-dependent metalloproteases 
(Jongeneel et al., 1989). Soon after demonstration of 
cleavage of VAMP (vesicle-associated membrane pro- 
tein)/synaptobrevin (Trimble et al., -1988) by tetanus 
toxin and BoNT/B at the same peptide bond (Link et al., 
1992; Schiavo et al., 1992), substrates and scissile bonds 
were identified for all other botulinum serotypes. These 
studies revealed that BoNT/D, BoNT/F, and BoNT/G 
also hydrolyze synaptobrevin, although each at a differ- 
ent peptide bond. BoNT/A and BoNT/E cleave SNAP-25 
(synaptosome-associated protein of 25 kDa), again at 
distinct sites close to the C-terminus (for review,, see 
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Montecucco and Schiavo, 1994; Niemann et al, 1994), 
and BoNT/C proteolyzes syntaxin (Blasi et al., 19936; 
Schiavo et al., 1995) and SNAP-25 (Foran et al., 1996; 
Williamson et al., 1996). 

When docked synaptic vesicles fuse at release sites of 
the nerve terminal with the presynaptic membrane, the 
three substrates syntaxin, SNAP-25, and VAMP/synap- 
tobrevin are thought to associate into low-energy ternary 
complexes involving subdomains with pronounced hep- 
tad symmetry of hydrophobic residues (Hayashi et al., 
1994). The energy released during formation of the com- 
plex is thought to drive the actual fusion reaction (Jahn 
and Hanson, 1998; Weber et al., 1998). Related com- 
plexes, composed of isoforms of the three synaptic pro- 
teins, are crucial for the fusion of transport vesicles in 
nonneuronal cells (Ferro-Novick and Jahn, 1994; Roth- 
man-, 1994). Some of these vesicle-mediated transport 
steps can be blocked through the action of clostridial 
neurotoxins (Galli et al., 1994; Ikonen et al., 1995). 

The L chains of clostridial neurotoxins form a class of 
proteases with a unique substrate specificity. They cleave 
only one of several identical peptide bonds in their 
respective target molecules and fail to proteolyze short 
peptides spanning the individual cleavage regions 
(Shone et al., 1993; Yamasaki et al, 1994a), Based on 
these observations, it was proposed that the proteases 
detect specific sequence motifs present in all target mol- 
ecules. Searches for such common structural features in 
the three substrates led Rossetto and colleagues (1994) to 
suggest that a helical substrate recognition motif [soluble 
//-ethylmaleimide-sensitive factor attachment protein re- 
ceptor (SNARE) motif] present in multiple copies in 
synaptobrevin, syntaxin, and SNAP-25 mediates specific 
recognition by clostridial neurotoxins. Studies using mu- 
tational analysis in synaptobrevin demonstrated that 
these motifs are involved in target recognition. These 
studies also indicated that all five synaptobrevin-specific 
neurotoxins recognize the target in distinct ways (Peliz- 
zari et al, 1996, 1997). Recently, Washbourne et al. 
(1997) stated that efficient cleavage of SNAP-25 by 
BoNT/A and E also required the presence of at least one 
copy of such common recognition motifs. 

In this study, we investigated the molecular basis of 
interaction between BoNT/A, C, and E with SNAP-25 
and two nonneuronal SNAP-25 isoforms, human 
SNAP-23 (hSNAP-23) (Ravichandran et al, 1996) and 
mouse SNAP-23 (mSNAP-23) (also termed syndet; 
Araki et al, 1997; Wang et al, 1997). By using a 
proteolytically inactive BoNT/A L chain, we established, 
for the. first time, a toxin L chain/substrate binding assay. 
Specific deletion and point mutants were generated from 
SNAP-25 and its isoforms to analyze the contribution of 
subdomains ui individual residue s to bin*™ ™* prote- 
olysis. The data are compatible with a substrate-induced 
conformational fit. Furthermore, we show that single 
amino acid replacements generate hSNAP-23 derivatives 
that can be cleaved by BoNT/A and E. 



MATERIALS AND METHODS 

Plasmid constructions 

DNA fragments encoding individual L chains were obtained 
by PGR, using purified bacteriophage-specific (BoNT/C) or 
total bacterial DNA [BoNT/A (strain 62A) and E (Beluga)], 
respectively, and were cloned in pQE3 (Qiagen, Hilden, Ger- 
many). Mutants of SNAP-25- and hSNAP-23-specific plasmids 
were constructed by PCR in pGEX-KG (Guan and Dixon, 
1991), pGEX-2T (Pharmacia, Freiburg, Germany), pQE3, or 
pSP72 (Promega, Heidelberg, Germany). 

Expression and purification of recombinant 
proteins 

The £. coli strain M 1 5pREP4 (Qiagen) was transfected with 
the individual L chain-encoding plasmids, and proteins were 
produced and purified according to the manufacturer's instruc- 
tions except that BoNT/C and BoNT/E L chains were induced 
for 3 h of incubation at 21 or 30°C, respectively. Fractions 
containing the L chains were dialyzed against toxin assay • 
buffer (150 mM K glutamate, 10 mM HEPES-KOH, pH 7.2), 
frozen in liquid nitrogen, and kept at -70°C. 

Glutathione-S-transferase (GST), GST-SNAP-25 variants, 
GST-syntaxin la, and GST-synaptobrevin 2 were affinity puri- 
fied on glutathione (GT)-Sepharose (Pharmacia) according to 
Guan and Dixon (1991) and finally dialyzed against toxin assay 
buffer. 

In vitro transcription and translation 

BoNT/A L chain (Glu 224 Gln)-, SNAP-25-, hSNAP-23-, or 
mSNAP-23-specific mRNAs were synthesized in vitro from 
suitable transcription plasmids (Binz et al, 1994; Wang et al., 
1997) linearized downstream from the coding regions. Trans- 
lations were performed in reticulocyte lysate (Promega), using 
0.25 n-g mRNA in the presence of [ 35 S]methionine (24 /o,Ci, 
1,200 Ci/mmol; ICN Biomedicals, Irvine, CA, U.S.A.) in a 
total volume of 25 /il. 

Toxin treatment 

A cleavage assay contained 1 yd of the translation mixture of 
[ 35 S]methionine-labeled variants of SNAP-25, hSNAP-23, or 
mSNAP-23 and the respective L chain and was incubated for 
60 min at 37°C in a total volume of 10 ^1 of toxin assay buffer. 
E, coli expressed GST-SNAP-25-His 6 variants (3 pM final 
concentrations) were incubated in a total volume of 1 00 p\ of 
toxin assay buffer containing L chains. Aliquots (15 >utl) were 
withdrawn at specified time intervals. Reactions were stopped 
by the addition of 15 \l\ of double-concentrated sample buffer 
[120 mA/Tris-HCl, pH 6.75, 10% (vol/vol) 0-mercaptoethanol, 
4% (wt/vol) sodium dodecyl sulfate (SDS), 20% (wt/vol) glyc- 
erol, 0.014% (wt/vol) bromphenol blue]. Samples were boiled 
for 3 min and subjected to S D S-poly aery 1 amide gel electro- 
phoresis (SDS-PAGE) as described by Laemmli (1970), using 
12.5 or 15% gels. Proteins were visualized by staining with 
Coomassie Blue or by fluorography and quantified with a Sharp 
JX-325 high-resolution scanner by using an ImageMaster TM 
1-D program (version 1.10; Pharmacia). Alternatively, radiola- 
beled samples were analyzed with a BAS-1500 phosphoimager 
(Fuji Photo Film, Japan). 

For determination of the BoNT/C cleavage site in SNAP-25, 
32 /xg of SNAP-25-His 6 was incubated for 16 h at 37°C with 
icuuiiiumaut L chain (250 cJ/. final eventration) in a total 
volume of 100 }A of toxin assay buffer. Cleavage products were 
isolated by reversed-phase chromatography, using a Nucleosil 
5-mm C8 column (250 X 4 mm) from Macherey and Nagel. 
(Duren, Germany). N-terminal amino acid sequences were de- 
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termined on a Model 473A protein sequencer from Applied 
Biosystems (Foster City, CA, U.S.A.). 

Toxin binding.assay 

Various GST-fusion proteins (0.1 nmol each) prebound to 10 
fil of GT-Sepharose beads were suspended in 190 ^\ of toxin 
assay buffer containing 0.02% Triton X-100. Beads were then 
incubated for 30 min at 4°C with identical amounts of radio- 
labeled BoNT/A (Glu 224 Gln) L chain, as generated by in vitro 
transcription/translation. The beads were collected by centrif- 
ugation. Unbound material' was recovered from the supernatant 
by trichloracetic acid precipitation. Beads were washed three 
times each with 50 bed volumes of the same buffer. The 
washed pellet fraction was boiled in SDS sample buffer and 
analyzed together with the supernatant fraction by SDS-PAGE 
and fluorography. 

For determination of the BoNT/A-SNAP-25 dissociation 
constant (K D ), GST-SNAP-25 was incubated in the presence of 
various concentrations of BoNT/A(Glu 224 Gln) L chain ranging 
from 156 to 2,500 nM. The amount of bound L chain was 
quantified by laser densitometry scanning after SDS-PAGE 
and Coomassie Blue staining and corrected for nonspecific 
binding by subtracting the value obtained for GST. The K D 
value was calculated by Scatchard plot analysis'. 

RESULTS 

Identification of the BoNT/C scissile bond 
in SNAP-25 

Foran et al. (1996) showed that BoNT/C, in addition to 
proteolyzing syntaxin, also cleaves SNAP-25 in a posi- 
tion similar to that of BoNT/A. The precise site of 
proteolysis, however, was not determined. To identify 
the scissile bond, recombinant SNAP-25-His 6 was di- 
gested with recombinant L chains of BoNT/C and, as a 
control, BoNT/A. The products of the two reactions were 
analyzed by reversed-phase HPLC, and material under- 
lying individual peak fractions was subjected to amino 
acid sequencing (Fig. 1). In agreement with previous 
results (Binz et al., 1994), the first peak fraction of the 
BoNT/A reaction yielded the sequence RATKMLGS- 
GVP. The corresponding fragment obtained in the 
BoNT/C reaction eluted slightly faster than the BoNT/A 
product and gave the sequence ATKMLGSGVP (Fig. 1, 
bottom panel). In both instances, material elutirig after 29 
min carried the authentic N-terminus of SNAP-25. We 
conclude that BoNT/C hydrolyzes the Arg 198 -Ala 199 
bond and thus cleaves in a novel position in comparison 
with BoNT/A or E. 

Mutational analyses of the BoNT/A, C, and E 
scissile bonds 

The amino acid positions around the cleavage site of 
proteases are designated -P 3 -P2-Pr p i'- p 2'- p 3'-> where 
represents the actual site of proteolysis. The de- 
termination of the BoNT/C cleavage site in SNAP-25 
completes the list of susceptible peptide bonds that may 

parison of these sites indicates the great diversity of the 
residues tolerated by this class of metalloproteases. To 
gain additional insights into the particular requirements 
for BoNT/A and E, we replaced the residues of the P, 



and P / positions by hydrophobic, other polar, negatively 
charged, or positively charged residues and analyzed the 
susceptibility of the resulting mutants (Table 1). Of five 
substitutions introduced at the Pj position of the- BoNT/A 
cleavage site, only threonine caused a slight but repro- 
ducible reduction of cleavage. Next, Arg 198 of the P,' 
position was systematically mutated to residues of dif- 
ferent character. Except for a change to tyrosine, all other 
mutations, even the conservative exchange to lysine, 
dramatically reduced the sensitivity of SNAP-25 to 
BoNT/A (Table 1A). Similar results were obtained with 
BoNT/E cleavage site mutants (Table IB). Again, sub- 
stitutions in the P,' position impaired cleavage. We 
conclude that in accordance with previous studies re- 
garding the BoNT/A and BoNT/B cleavage sites (Shone 
and Roberts, 1994; Schmidt and Bostian, 1997), the 
properties of the Pi residue appear less critical for cleav- 
age, whereas specific amino acid residues must be 
present in the P/ positions. In this respect, BoNT/C 
differs from the other neurotoxins: five of the seven 
substitutions introduced into the ?! position affected 
proteolysis drastically (Table 1A). 

Murine and human SNAP-25 isoforms display 
distinct sensitivities to cleavage by 
botulinal L chains 

As revealed by our own and previously published data, 
however, proteolytic susceptibility or resistance of a 
potential substrate against neurotoxin' proteases cannot 
be explained solely on the basis of residues present in the 
scissile bond; Recently, two isoforms of SNAP-25 were 
identified in human B lymphocytes (hSNAP-23; Rav- 
ichandran et al., 1996) and in murine 3T3-L1 adipocytes 
(mSNAP-23, also termed syndet; Araki et al., 1997; 
Wang et al., 1997). These nonneuronal isoforms and 
SNAP-25 share significant sequence identity and the 
amino acid residues present in the potential scissile 
bonds are largely conserved (Fig. 2A). It has been re- 
ported that hSNAP-23 was resistant to the action of 
BoNT/E (Macaulay et al., 1997). In a similar manner, 
mSNAP-23 was shown to resist moderate concentrations 
of BoNT/A and C (Chen et al., 1997) or BoNT/E (Ma- 
caulay et al., 1997). In contrast, Washboume et al. (1997) 
reported that mSNAP-23 was cleaved by BoNT/E. To 
reexamine this issue, we incubated in vitro translated 
hSNAP-23 and mSNAP-23 with recombinant L chains 
of BoNT/A, C, and E (Fig. 2B). hSNAP-23 was not 
proteolyzed by any of the three L chains even when 
concentrations of up to 5 \jM were applied. In contrast, 
mSNAP-23 was cleaved by BoNT/E and, much less 
efficiently, by BoNT/A. Demonstration of successful 
cleavage required, however, prolonged incubation times 
and elevated toxin concentrations. 

It remains to be shown, therefore,, whether proteolysis of 
mSNAP-23 by BoNT/A and E would be detectable in vivo. 
In this context, it is noteworthy that the L chains of clos- 
tridial neurotoxins display a remarkable stability of several 
days in injected cells (Erdal et al., 1995) and, therefore, 
detrimental long-term in vivo effects of the L chains cannot 
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FIG. 1. Identification of the BoNT/C scissile bond in 
SNAP-25. Aliquots of HPLC-purified SNAP-25-His 6 
(32 jxg each) were incubated for 1 6 h at 37°C with 
BoNT/C or BoNT/A L chains (each 250 nM final 
concentration). Samples were analyzed by reversed- 
phase HPLC using a linear gradient of 10-90% ace- 
tohitrile in 0.1% aqueous trifluoroacetic acid starting 
after 5 min. Amino acid sequences specify the N- 
terminal sequences of peptides underlying individual 
peak fractions. 



be excluded. Furthermore, BoNT/C was reported to be 
almost as active as BoNT/A in mouse spinal cord cell 
cultures (Williamson et al., 1996), whereas it was -1,000- 
fold less active in vitro. In conclusion, it is rather specula- 
tive tcextrapolate from the jn vitro cleavage-rates on thz in 
vivo activities of particular L chains. 
r?rr^_x_ ««w C-termin?* Hpiptinns of SNAP-25 

on cleavage by BoNT/A, C, and E 

To define those subdomains of SNAP-25 in which 
individual amino acid substitutions could alter the sus- 
ceptibility toward the three proteases, we next generated 



a set of N- and C-terminally truncated substrate mole- 
cules. The results are presented in Fig. 3. SNAP-25(93- 
206) was as susceptible to cleavage by all three toxins as 
full-length SNAP-25. BoNT/A and E proteolyzed GST- 
SNAP-25(146-206) as. efficiently as SNAP-25( 1-206), 
whereas BoNT/C proteolysis was significantly de- 
creased. The removal of additional 10 N-terminal amino 
acids [to yield mutant 5NAF-25( 156-206)] uiuumsl^d 
cleavage by both BoNT/A and E, whereas cleavage 
by BoNT/C remained unaltered. SNAP-25( 167-206) 
showed a further reduction in BoNT/C cleavage and a 
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TABLE 1. Mutational analysis of the BoNT/A, C, and E 
cleavage sites in S NAP-25 

- Mutant - - BoNT/A-(njVO BoNT/C .(>iAfl 



BoNT/A BoNT/C 
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No cleavage 


>6.0 


K' 98 


100 
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Radiolabeled substrates were generated by in vitro transcription/trans- 
lation and incubated with various concentrations of BoNT/A, C, or E L 
chain in toxin assay buffer. After 1 h of incubation at 37°C, samples were 
analyzed by SDS-PAGE and fluorography. Percentage of cleavage was 
quantified by laser densitometric scanning. Data are mean values of three 
independent experiments and represent the concentration required to reach 
50% proteolysis. The amino acid single letter code was used. 



drastic reduction in BoNT/E cleavage, and BoNT/A pro- 
teolysis was no longer detectable. However, application 
of a higher BoNT/A L chain concentration (100 nM final 
concentration) resulted in -50% cleavage of -this mutant 
after 60 min (data not shown). It is unlikely that the 
increased resistance of truncated SNAP-25 derivatives is 
merely due to steric hindrance imposed by the presence 
of the N-terminally located GST, as such hindrance 
should affect the three L chains to the same extent. 

In parallel experiments we examined the impact of 
C-terminal deletions of SNAP-25 on cleavage by the 
three L chains. SNAP-25 derivatives retaining as few as 
five, four, and six residues on the C-terminal side of the 
respective scissile bonds, were cleaved by BoNT/A, C, 
and E as efficiently as full-length SNAP-25 (data not 
shown). 

Together, these data indicate that interaction of 
BoNT/A, C, and E with SNAP-25 depends on distinct 
domains; BoNT/A requires the presence of the domain 
Met 146 -Met 202 . For BoNT/E, the minimal segment that 
allows efficient cleavage encompasses the segment 
Ile 156 -Asp 186 , whereas BpNT/C interaction depends on a 
larger substrate structure involving regions Asn 93 to 
Glu 145 and He 156 to Met 202 . 

Binding of the BoNT/A L chain to SNAP-25 
depends on the presence of the region 
Met 146 -Gln 397 

Before cleavage, toxin and substrate must form an 
enzyme-substrate complex involving contacts at one or 
multiple regions in both molecules. . We investigated, 
therefore, whether it was possible to dissect the overall 
cleavage process into individual substeps involving as- 
sembly into the enzyme-substrate complex and a subse- 
quent cleavage step. To prevent proteolysis of individual 
SNAP-25 derivatives during assembly, we replaced 



FIG. 2. Susceptibility of various SNAP-25 
isoforms to BoNT/A, BoNT/C, and 
BoNT/E. A: Alignment of the C-terminal 
regions of SNAP-25, hSNAP-23, and 
mSNAP-23. Peptide bonds susceptible to 
clostridial neurotoxins are boxed. Colons 
(:) identify nonconservative amino acid 
substitutions. B: Radiolabeled SNAP-25, 
hSNAP-23, and mSNAP-23 generated by 
in vitro transcription/translation were incu- 
bated with various recombinant botuiinal 
L chains. Concentrations used were 
BoNT/A (1 nM), BoNT/C (500 nM), and 
BoNT/E (1 nM) for SNAP-25; 5 pJM each 
of BoNT/A, BoNT/C, and BoNT/E for 
hSNAP-23; and BoNT/A (5 pM) t BoNT/C 
(5 fiM), and BoNT/E (0.4 /JW ) for mSNAP- 
23. Incubation was for 60 min at 37°C for 
SNAP-25 or 3 h for nSNAK-za and 
mSNAP-23. Cleavage was analyzed by 
SDS-PAGE and fluorography. 
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FIG. 3. Identification of the minimal essential domains of 
• SNAP-25 required for cleavage by BoNT/A, C, and E. The cleav- 
age rates of BoNT/A, C, and E were determined with GST- 
SNAP-25-His 6 or GST-SNAP-25 mutants, respectively, as de- 
tailed in Materials and Methods. Toxin concentrations used were 
1 nM (BoNT/A; A), 500 nM (BoNT/C; 6), and 1 uM (BoNT/E; C). 
Aliquots of the reaction mixtures were taken at the time points 
indicated and analyzed by 12.5% SDS-PAGE and Coomassie 
Blue staining. Amounts of proteins were quantified by laser 
densitometric scanning. Data are mean ± SD values of four to 
six independent experiments. GST-SNAP-25(1-206) P); GST- 
SNAP-25(93-206) (O); GST-SNAP^25(146-206) (X); GST-SNAP- 
25(156-206) (•); GST-SNAP-25(1 67-206) (■). 



C!u 224 of the c«™lytic ziric-bir"^ ncr Hnmain His 223 — Glu— 
Leu-Ile-His 227 by Gin 224 . As shown previously, this 
mutant lacks proteolytic activity (Blasi et aL, 1993a), 
probably because the 6-carboxyl group of Glu 224 is es- 
sential for stabilizing a water molecule in one of the 



tetrahedral positions around the catalytic zinc ion. As the 
mutated protein retains the zinc ion (Yamasaki et al., 
19946), the structura] changes should be minimal and the 
.mutated L chain should be a good candidate to study its 
binding to GST-SNAP-25 derivatives. 

Radiolabeled BoNT/A(Glu 224 Gln) L chain was gener- 
ated by in vitro- translation and was incubated with GST- 
SNAP-25 immobilized on GT-Sepharose beads. Bound 
(pellet fraction) and unbound material (supernatant frac- 
tion), were analyzed by SDS-PAGE and fluorography 
(Fig. 4A). The concentration of the bound GST-fusion 
protein was controlled by SDS-PAGE and Coomassie 
Blue staining (Fig. 4B). Specific binding of the BoNT/A 
L chain to GST-SNAP-25 was indeed observed. No 
binding was obtained with GT-Sepharose beads carrying 
GST alone, GST-syntaxin( 1-267), or GST-synaptobre- 
vin(l— 1 16). This experimental approach was subse- 
quently used to map those subdomains of SNAP-25 that 
were involved in the binding of the L chain. A deletion 
of the 25 N-terminal residues of SNAP-25 reduced bind- 
ing of the L chain only slightly. A further deletion up to 
Thr 46 reduced binding about threefold. SNAP-25(146- 
206), lacking the N-terminal three-fourths of the mole- 
cule, still retained -10% binding capacity of full-length 
SNAP-25. Complete loss of binding occurred on deletion 
of an additional 10 amino acids yielding SNAP-25(156- 
206). It is interesting that a SNAP-25 derivative contain- 
ing the entire N-terrriinal sequence up to the BoNT/E 
scissile bond [SNAP-25(1-180)] failed to trap the mutant 
L chain, indicating that the region between the BoNT/E 
and BoNT/A scissile bonds is also essential for toxin 
binding. This is corroborated by the finding that SNAP- 
25(1-197), the product of the BoNT/A reaction, exhib- 
ited 65% binding capacity of full-length SNAP-25. In 
summary, the minimal essential fragment of SNAP-25 
capable of binding to the BoNT/A L chain requires the 
presence of the region Met 146 -Gln 197 . 

Binding experiments, using the in vitro translated ra- 
diolabeled L chain and GST-SNAP-25, provided a rapid 
approach for mapping the various interacting domains. A 
drawback of this approach, however, was the relative 
inefficiency of binding. Additional binding studies indi- 
cated that maximal binding of the L chain occurred 
within 30 min of incubation, and overnight incubations 
did not bring an improvement. In a separate set of ex- 
periments, we next used an inactive £. co/z-derived 
BoNT/A L chain. By using this recombinant L chain, 
binding to SNAP-25 was saturable yielding an L chain to 
SNAP-25 ratio of —1:1, as evidenced by densitometric 
scanning of Coomassie Blue-stained gels (Fig. 5 A). The 
dissociation constant of such complexes was determined 
by Scatchard plot analyses yielding a K D of 1.9 X 10" 7 
M (Fig. 5B). " : " 

Mutational analysis of the region Met I46 -Gly 155 

The above binding studies showed mat the best bind- 
ing to BoNT/A L chain occurred already with full-length 
SNAP-25. Binding gradually decreased on N-terminal 
deletions and was no longer detectable with derivatives 
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FIG. 4. Binding of the Bo NT/A L chain to 
SNAP-25 depends on the segment Met 1 * 6 - 
Gly 155 . A: Radiolabeled BoNT/A(Glu 224 Gln) L 
chain was incubated with GT-Sepharose beads 
precharged with GST, GST-syntaxin, GST- 
synaptobrevin, and GST-SNAP-25-His 6 fusion 
proteins. Numbers specify amino acid residues 
of SNAP-25. Supernatant (S) and washed pellet 
(P) fractions were analyzed by SDS-PAGE and 
fluorography. Binding (presence of radiolabeled 
L chain in the pellet fraction) can be demon- 
strated as long as the capture molecule con- 
tains the segment Met 146 -Giy 15S and the region 
between the BoNT/E and BoNT/A sctssile 
bonds. B: Analyses of pellet fractions by SDS- 
PAGE and Coomassie Blue staining to control 
for the amounts of capture molecules. Lane 1 , 
GST; lane 2, GST-syntaxin; lane 3, GST-syn- 
aptobrevin; lane 4, GST-SNAP-25(1-206)-His 6 ; 
lane 5, GST-SNAP-25(14-206); lane 6, GST- 
SNAP-25(25-206); lane 7, GST-SNAP-25(36- 
206); lane 8, GST-SNAP -25(46 -206); lane 9, 
GST-SNAP-25(93-206)-His 6 ; lane 10, GST- 
SNAP-25(146-206)-His 6 ; lane 11, GST-SNAP- 
25(156-206)-His 6 ; lane 12, GST-SNAP-25 
(167-206)-His 6 ; lane 13, GST-SNAP-25(1-197); 
lane 14, GST-SNAP-25(1 -1 80). 
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lacking the Met 146 -Gly 155 segment. Related copies of 
this segment have been detected in each of the three 
substrates and their impact on the cleavage reaction has 
been studied for some of the clostridial neurotoxin L 
chains (Rossetto et al., 1994; Pellizzari et al., 1996, 
1997). To clarify the role of the Met 146 -Gly 155 segment 
in greater detail, we constructed mutants in which neg- 
atively charged amino acid residues were replaced by 
uncharged polar residues or in which the entire motif was 
deleted. As shown in Fig. 6, a replacement of Asp 147 and 
Glu 148 by Asn and Gin had only a minor impact on 
cleavage by BoNT/A and E. In a similar manner, a 
Glu 151 Thr replacement (as present in hSNAP-23 and 
mSNAP-23) had no effect on the cleavage rate (data not 
shown). The removal of the entire region from SNAP- 
25(93-206) reduced the rate of proteolysis to levels that 
were obtained with SNAP-25(1 56-206): We conclude 
that the presence of the region Met 146 -Gly i55 is indeed 
essential for ef^™* 1 " 1 * tryxin-substrate interaction. The 
observation that the negatively charged amino acids may 
be replaced by related polar residues without changing 
the cleavage rate excludes the possibility that this seg- 
ment interacts with the BoNT/A L chain via ionic forces. 



It remains to be shown whether the polar residues are in 
fact engaged in a direct interaction with the L chain or 
whether they are part of a sensor that controls folding of 
the substrate into a particular secondary structure. 

Single amino acid replacements in hSNAP-23 confer 
susceptibility to BoNT/A and E 

The SNAP-25 segment Met 146 -Gln 197 represents a 
minimal length substrate for both BoNT/A and E. Only a 
limited number of amino acid changes are found in the 
corresponding regions of hSNAP-23 and mSNAP-23 
(Fig. 2A). Such residues could mark direct interaction 
sites with the toxin L chains. Alternatively, they could 
have a profound influence on the secondary structure of 
the substrate and could, therefore, influence the toxin 
target interaction indirectly. To analyze the role of par- 
ticular residues in greater detail, we replaced some of 
them in.hSNAP-23 by those found in rat SNAP-25. 

A Thr 158 Glu mutation yielded a product that remained 
resistant to all three botuiinai L chains (Tabic 2). In 
SNAP-25, an aspartate residue is found in the P 2 position 
of the BoNT/E cleavage site, whereas the poorly suscep- 
tible mSNAP-23 carries a glutamine and the toxin-resis- 
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DISCUSSION 

We analyzed structural features of SNAP-25 and of its 
nonneuronai murine and human SNAP-23 isoforms that 
influence proteolytic- cleavage by botulinum neurotoxin 
L chains of serotypes A, C, and E. The following several 
discoveries were made that may provide additional in- 
sights into the complex mechanism of the unique sub- 
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FIG. 5. Scatchard plot analysis of BoNT/A L chain binding to 
SNAP-25. A: GST or GST-SNAP-25 immobilized on GT-Sepha- 
rose beads was incubated with the indicated amounts of recom- 
binant BoNT/A{Glu 224 Gln) L chain. Bound L chain was deter- 
mined as above by SDS-PAGE and quantified by laser densito- 
metric scanning. Binding to SNAP-25 was saturable, yielding an 
L chain to SNAP-25 ratio of —1:1. Bands labeled by the asterisk 
are N-terminal degradation products of GST-SNAP-25. B: The 
molar ratio of bound to free L chain was plotted versus the 
amount of bound L chain. Data are mean values of three inde- 
pendent experiments. The dissociation constant K D was 1.9 
x 10" 7 M. 

tant hSNAP-23 contains a lysine in this position (Fig. 
2A). As indicated in Table 2, a Lys 185 Asp replacement in 
hSNAP-23 had no effect on the reactions with BoNT/A 
or C but generated an effectively cleaved substrate for 
BoNT/E. Indeed, hSNAP-23(Lys ,85 Asp) proved to be a 
better substrate for BoNT/E than mSNAP-23 (Table 2). 
This finding is in support of a previous study, in which 
mutation of the P 2 position of the BoNT/A cleavage site 
in SNAP-25 drastically reduced the cleavage rate 
(Schmidt and Bostian, 1997). Next, we assessed the 
impact of an Ile 173 Met substitution. This residue was 
chosen for mutagenesis, because a similar Ile 46 Met re- 
placement in rat synaptobrevin 1 dramatically increased 
cleavage by BoNT/D (Yamasaki et al„ 1994a). Fur- 
thermore, He 173 and He 46 of hSNAP-23 and rat synapto- 
brevin 1, respectively, reside in identical positions with 
respect to the corresponding cleavage sites for BoNT/E 
and D. This mutant remained resistant against BoNT/E 
but, interestingly, showed an increased sensitivity toward 
BoNT/A. A Pro l82 Arg mutation yielded a hSNAP-23 
derivative that, in contrast to wild-type hSNAP-23, could 
be cleaved-by BoNT/A and E. Likewise, introduction of 
a proline residue into the equivalent position of 
SNAP-25 [.9NAP-25(Arg 176 Pro)j drastically reduced 
cleavage by BoNT/A and E (Table 2). Together, these 
data demonstrate that the presence of a proline residue 
within the minimal essential interactive domain deterio- 
rates the substrate quality of SNAP-25 derivatives. 




0 4 8 15 30 

time (min) 



FIG. 6. Charged residues of the segment Met 146 -Gly 155 have no 
impact on cleavage. The cleavage rates of BoNT/A, C, and E 
were determined with GST-SNAP-25(93-206) as a control and 
several variants thereof containing mutations in the SNARE motif 
as detailed in Materials and Methods. Toxin concentrations used 
were i n/W {5uNT/A, A), CCC r,.V (CcNT/C; S). ~d 1 {BoMT/P; 
C). Aliquots of the individual reaction mixtures were taken at the 
time points indicated and analyzed as in Fig. 3. GST-SNAP- 
25(93-206) (O); GST-SNAP-25(93-206)Asp 147 Asn.Glu 148 Gln (□}; 
GST-SNAP-25(93-206)A 145-1 53 ( ). 
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TABLE 2. Effect of point mutations in SNAP-25 and 
hSNAP-23 on cleavage with BoNT/A, C, and E 



Mutant — 


- BoNT/A 


_ „BoNT/C 


BoNT/E 


SNAP-25 


49.7 ± 8.0 


36.1 ± 6.0 


48.8 ± 6.5 


SNAP-25 

(Arg ,76 Pro) 
hSNAP-23 


24.0 ± 5.5 
No cleavage 


39.8 T 6.6 
No cleavage 


15.4 £ 3.2 
No cleavage 


hSNAP-23 
(Thr l5li Glu) 


No cleavage 


No cleavage 


No cleavage 


hSNAP-23 
(Ile l73 Met) 


0.9 ± 0.2 


No cleavage 


No cleavage 


hSNAP-23 
(Pro ,82 Arg) 

hSNAP-23 
(Lys l85 Asp) 

mSNAP-23 


7,0 ± 1.0 
No cleavage 

3.6 i 0.8 


No cleavage 
No cleavage 

No cleavage 


12.7 ± 0.6 
100 ± 2.2 

79.7 ± 8.3" 
100 ± 2.2 

38.2 ± 5.0° 



Radiolabeled substrates were generated by in vitro transcription/ 
translation. SNAP-25 and its mutant were treated with BoNT/A and E „ 
(each at 0.3 nM final concentration) and BoNT/C (0.5 -pM). For 
mSNAP-23, hSNAP-23, and its mutants, toxin L chains were applied at 
1 pM final concentration. 

a Experiments done with 125 nM final concentration of BoNTYE L 
chain. All incubations were performed for 60 min at 37°C and cleavage 
was analyzed by SDS-PAGE and fluorography. Data represent mean 
± SD values of four independent experiments and are expressed as 
percentages of cleavage. 



strate recognition by clostridial L chain proteases: (1) 
The three proteases cleave the identical substrate. Each 
of them, however, shows distinct requirements regarding 
the minimal essential domains for cleavage. (2) The L 
chains of BoNT/A and E require specific residues around 
the scissile bond in the P 2 and P,' positions, whereas 
residues in the Pi position are less crucial. For BoNT/C, 
the nature of the residue in the P, position is also im- 
portant. (3) Using a proteolytically inactive BoNT/A L 
chain, we developed an in vitro binding assay that al- 
lowed us to distinguish substrate domains that are im- 
portant for enzyme-substrate complex formation and for 
subsequent proteolysis. Our studies indicate that the ac- 
tual cleavage reaction constitutes the rate-limiting step. 
The minimal essential domains required for optimal 
cleavage of SNAP-25 by BoNT/A, C, and E extend from 
Met 146 to Met 202 , Asn 93 to Met 202 , and Met 146 to Asp 186 , 
respectively. (4) Within these domains, single amino 
acid substitutions may drastically alter the susceptibility 
toward individual L chains. The closely related nonneu- 
ronal isoform mSNAP-23 is cleaved by BoNT/E and by 
high concentrations of BoNT/A but not by BoNT/C. In 
contrast, hSNAP-23 is resistant against all three L 
chains. Single amino acid substitutions partially restore 
cleavage of hSNAP-23. (5) Together, our findings are 
compatible with the possibility that the clostridial L 
chains turn into active proteases only on contact with 
men ^^gnut-c subctrctc 

Before we discuss the impact of SNAP-25 subdo- 
mains on binding and cleavage in detail, we should 
recall that in the cell the SNARE proteins SNAP-25, 
synaptobrevin, and syntaxin exist in at least two dis- 



tinct conformational states, only one of which allows 
proteolytic degradation by clostridial neurotoxin L 
chains. The individual monomeric SNAREs have little 
secondary structure under physiological conditions. 
This follows from both NMR analyses of a synthetic 
synaptobrevin polypeptide (Cornille et al., 1994) and 
circular dichroic' spectroscopy of SNAP-25 (Fasshauer 
et al., 1997). These unprotected SNAREs can be at- 
tacked by clostridial L chains (Hayashi et al., 1994). 
On contact with other SNARE proteins, synaptobre- 
vin, SNAP-25, and syntaxin assemble spontaneously 
into various low-energy heterodimeric or heterotri- 
meric complexes. Formation of such complexes is 
driven by coiled-coil formation (Hayashi et al., 1994; 
Fasshauer et al., 1997) and paralleled by the gain of 
resistance against clostridial neurotoxins (Hayashi et 
al., 1994). Such complexes may be dissociated at the 
expense of ATP through the joint action of a-SNAP 
[a-soluble A^-ethylmaleimide-sensitive fusion protein 
(NSF) attachment protein] and NSF yielding again 
toxin-sensitive SNARE monomers (Hayashi et al., 
1995). According to our current view of membrane 
fusion (Jahn and Hanson, 1998; Weber et al., 1998), 
the conformational energy stored in the unfolded 
SNARE monomers is liberated during assembly into 
SNARE complexes and used to pull the vesicle and 
target membranes toward each other. On contact with 
a neurotoxin L chain, however, such conformational 
energy could also drive conformational changes in 
either the substrate alone, or, perhaps more likely, in 
both the substrate and the L chain, resulting in the 
formation of stable enzyme-substrate complexes. 

Within the minimal interactive domains of SNAP-25 
determined for BoNT/A, C, and E, the individual cleav- 
age site region, encompassing the scissile bond itself and 
-20 residues located N-terminally thereof, constitutes a 
most critical subdomain influencing both substrate bind- 
ing and cleavage. As demonstrated here with a proteo- 
lytically inactive BoNT/A L chain, this region clearly 
contributes to binding, as the BoNT/A cleavage product 
(ending with Gin 197 ) retains 65% binding activity of 
full-length SNAP-25 and the BoNT/E product (ending 
with Arg 180 ) fails to bind. Efficient binding, however, 
does not necessarily imply efficient cleavage. This fol- 
lows from the observation that the SNAP-25(Arg !98 Glu) 
mutant binds to the BoNT/A L chain with a similar 
efficiency as wild-type SNAP-25 (T. Binz, unpublished 
observation) without being subsequently cleaved (Table 
I). Our mutational analyses of fhe cleavage sites of 
BoNT/A and E further support the theory that the nature 
and the size of residues present in the P,' and in the P 2 
position are crucial for cleavage, whereas those in the P M 
position are not. Similar findings have been reported by 
Schmidt and Bostian (1997) who showed, in addition, 
that residues of the P 3 ' and P 4 positions have iirrie impact 
on cleavage. BoNT/C differs from the other two pro- 
teases, as changes in ? x influence cleavage drastically 
(Table 1). 
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Comparative binding and cleavage analyses of N- 
terminal deletion mutants of SNAP-25 brought the sur- 
prising insight that BoNT/A required the entire SNAP-25 
molecule for optimal binding, whereas cleavage was not 
affected unless these deletions affected the minimal size 
substrate" represented by SNAP-25(Met 146 -Met 202 ). 
Binding to full-length SNAP-25 was saturable, yielding a 
1:1 ratio and a K D of 1.9 x 1(T 7 M. Even a deletion of 
the 13 N-terminal residues of SNAP-25, however, re- 
duced binding already to -60% of full-length SNAP-25. 
In comparison, binding to SNAP-25(Met 146 -Met 202 ) was 
-10% without affecting the rate of proteolysis. These 
findings suggest that substrate recognition and binding 
occur faster than the actual cleavage reaction. A deletion 
of an additional 10 residues, to yield SNAP-25(Ile 156 - 
Gly 206 ), reduced binding below detectable levels and 
drastically reduced cleavage by BoNT/A, but much less 
dramatically by BoNT/E. For BoNT/C, a more extended 
substrate structure, encompassing residues Asn 93 to 
Met 202 was required to establish optimal cleavage. It is 
surprising that a deletion of the segment Glu 145 to Ser 154 
from this substrate affected cleavage only slightly. 

What is the function of the segment Glu 145 to Ser 1 4 
and of related motifs in the other SNAREs? These motifs 
are highly conserved during evolution, suggesting that 
they could serve a common, as yet unknown, function in 
the individual SNAREs. Recently, Washbourne et al. 
(1997) reported that a deletion of the entire N-terminal 
domain including the Glu 145 -Ser 154 domain resulted in a 
dramatic loss of cleavage by reduced BoNT/A and E 
holotoxins. The authors concluded that this segment was 
indeed essential for toxin action. These findings agree 
with our observation that cleavage by BoNT/A and E 
was optimal only with substrates containing this seg- 
ment. In our study, however, effective cleavage by the 
recombinant BoNT/E L chain continued also with sub- 
strates lacking this segment. The reason for this discrep- 
ancy is unclear. One approach to clarify the role of this 
segment could involve studies on potentially inhibitory 
properties of synthetic peptides representing this Glu 145 - 
Sef 154 segment. Unfortunately, a corresponding peptide 
was found to be insoluble (Rossetto et al., 1994). Studies 
with related segments in synaptobrevin had demon- 
. strated that the presence of the negatively charged resi- 
dues was obligatory for cleavage (Pellizzari et al., 1996, 
1997). To our surprise, however, substitutions of these 
acidic amino acid residues in SNAP-25 by the corre- 
sponding noncharged amides affected cleavage only 
slightly. Considering that BoNT/A, C, and E share the 
property of tolerating the uncharged amino acids with 
BoNT/D (Pellizzari et al., 1997), we may conclude that 
the clostridial neurotoxins are specialized proteases that 
have evolved from one ancestral gene, recognizing 'orig- 
inally the same repetitive motif in their individual sub- 
strates. During cvuluticn, hcv/ever, each n^mrnxin may 
have developed its individual, dependency on particular 
residues within this motif. Following these lines of ar- 
guments, BoNT/E and C show the least dependency; 
substrates lacking the Glu 145 -Ser; 54 motif are cleaved 



only slightly worse or even equally well, respectively 
(Fig. 6). 

At least for BoNT/A, the cleavage reaction appears to 
constitute the rate-limiting step, This suggests that on a 
first contact, SNAP-25 induces a conformational change 
of the BoNT/A L chain, as has been reported for the 
interaction between tetanus toxin and its substrate syn- 
aptobrevin (Cornille et al, 1997). This could explain 
why hSNAP-23 and mSNAP-23 are poor substrates. 
Even after mutational correction of the SNARE motifs 
and despite the presence of largely conserved cleavage 
sites, mSNAP-23 was cleaved by high concentrations of 
BoNT/E only and, much less efficiently, by BoNT/A, 
whereas hSNAP-23 remained resistant against all three L 
chains. In keeping with' these findings, binding of 
mSNAP-23 to BoNT/A was barely detectable and no 
binding of hSNAP-23 was observed. This is remarkable, 
as hSNAP-23 and SNAP-25 share 63% identical residues 
within the domain mapped to be essential for optimal 
cleavage by BoNT/A. Unfortunately, circular dichroism 
spectroscopy of BoNT/A-SNAP-25 complexes did not 
reveal a change in a-helicity. However, such a difference 
would probably not be detected, if new helices were 
formed at the expense of previously existing helices. An 
Arg 176 Pro substitution in. SNAP-25 drastically reduced 
the cleavability by BoNT/A and E but not by BoNT/C. 
Likewise, the reverse mutation in hSNAP-23 restored 
cleavability by BoNT/A and E (Table 2). The simplest 
interpretation of these findings would imply that Arg 176 
of SNAP-25 is required to interact with the two L chains. 
An alternative hypothesis would suggest that introduc- 
tion of helix-breaking residues prevents formation of the 
Michaelis complex. Clearly, this issue demands' more 
efforts and mutants and more sophisticated techniques 
such as stopped-fiow analyses. At any rate, the genera- 
tion of toxin-sensitive SNAP-23 mutants could provide 
potentially valuable tools to study the role of these 
SNAREs in apical transport in polarized cells (Galli et 
al., 1998). 

Acknowledgment: We thank Drs. Richard H. Scheller 
(Stanford) and William Trimble (Toronto) for plasmids encod- 
ing synaptobrevin and syntaxin, respectively. Clones for 
mSNAP-23 and hSNAP-23 were kindly provided by Drs. Giu- 
lia Baldini (New York) and Thierry Galli (Paris), respectively. 
This study was supported by the Deutsche Forschungsgemein- 
schaft (11B2-Bi 660/1-1) and Fonds der Chemischen Industrie. 
V.V.V. and K.Y. were supported by fellowships from the 
Alexander von Humboldt Foundation. 

REFERENCES 

Araki S., Tamori Y., Kawanishi M., Shinoda H., Masugi J., Mori H., 
Niki T., Okasawa H., FCubota T., and Kasuga M. (1997) Inhibition 
of the binding of SNAP-23 to syntaxin by Muncl8c. Biochem. 
Biophys. Res. Commun. 234, 257-262. 

Binz T., Blasi J., Yamasaki-5., Sau.i.wi;;;; .\., L:r£ H., SudM"T C-.. 
■ Jahn R., and Niemann H. (1994) Proteolysis of SNAP-25 by types 
E and A botulinal neurotoxins, J. Biol. Chem. 269, 1617-1620. 

Blasi J., Chapman E. Rl, Link E., Binz T., Yamasaki S., De Camilli P., 
Sudhof T. C, Niemann H. f and Jahn R. (1993a) Botulinum 



J. Neurochem.. Vol 72, No. J. 1999 



• 

SUBSTRATE SPECIFICITY OF BOTULINAL TOXINS A, C, AND E " 337 



neurotoxin A selectively cleaves the synaptic protein SNAP-25. 
Nature 365, 160-163. 
Blasi J., Chapman E. R., Yamasaki S., Binz T., Niemann H., and Jahn 
R. (19936) Botulinum neurotoxin CI blocks neurotransmitter re- 
lease by'means of cleaving'HPC-T/syntaxin. EMBO J. 12, 4821- - 
4828. 

Chen F., Foran P., Shone C, C, Foster K. A., Melling J., and Dolly 
J. 0. (1997) Botulinum neurotoxin B inhibits insulin-stimulated 
glucose uptake into 3T3-L1 adipocytes and cleaves cellubrevin 
unlike type A toxin which failed to proteolyze the SNAP-23 
present. Biochemistry 36, 5719-5728. 

Cornille F., Goudreau N., Ficheux D., Niemann H., and Roques B. P. 

(1994) Solid-phase synthesis, conformational analysis and in vitro 
cleavage of synthetic human synaptobrevin II 1-93 by tetanus 
toxin L chain. Eur. J. Biochem. 222,- 173-181. 

Cornille F„ Martin L., Lenoir C, Cussac D., Roques B. P., and 
Foumie-Zaluski M. C. (1997) Cooperative exosite-dependent 
cleavage of synaptobrevin by tetanus toxin light chain. J. Biol . 
Chem. Ill, 3459-3464. 

Erdal E., Bartels F., Binscheck T., Erdmann G., Frevert J., Kistner A., 
We'ller U., Wever J., and Bigalke H. (1995) Processing of tetanus 
and botulinum A neurotoxins in isolated chromaffin cells. Naunyn 
Schmiedebergs Arch, Pharmacol 351, 67-78. 

Fasshauer D., Bruns D., Shen B., Jahn R., and Briinger A, T. (1997) A 
structural change occurs upon binding of syntaxin to SNAP-25. 
J. Biol Chem, 272, 4582-4590. 

Ferro-Novick S. and Jahn R. (1994) Vesicle fusion from yeast to man. 
Nature 310, 191-193. 

Foran P., Lawrence G. W., Shone C. C, Foster K. A., and Dolly J. 0. 

(1996) Botulinum neurotoxin CI cleaves both syntaxin and 
SNAP-25 in intact and permeabilized chromaffin cells: correlation 
with its blockade of catecholamine release. Biochemistry 25, 
2630-2636. 

Galli T., Chilcote T., Mundigl 0., Binz T. t Niemann H., and De Camilli 
P. (1994) Tetanus toxin-mediated cleavage of cellubrevin impairs 
exocytosis of transferrin receptor-containing vesicles in CHO 
cells. J. Cell Biol 125, 1015-1024. 

Galli T., Zahraoui A., Vaidyanathan V. V., Raposo G., Tian J. M., 
Karin M., Niemann H., and Louvard D. (1998) A- novel tetanus 
neurotoxin-insensitive vesicle-associated membrane protein in 
SNARE complexes of the apical plasma membrane of epithelial 
cells. Mot. Biol Cell 9, 1437-1448. 

Guan K. L. and Dixon J. E. (1991) Eukaryotic proteins expressed in 
Escherichia coli: an improved thrombin cleavage and purification 
procedure of fusion proteins with glutathione S- transferase. Anal 
Biochem. 192, 262-267. 

Hayashi T„ McMahon R, Yamasaki S., Binz T.,.Hata Y., Sudhof T. C, 
and Niemann H. (1994) Synaptic vesicle membrane fusion com- 
plex: action of clostridial neurotoxins on assembly. EMBO J. 13, 
5051-5061. 

Hayashi T., Yamasaki S., Nauenburg S., Binz T., and Niemann H. 

(1995) Disassembly of the reconstituted synaptic vesicle mem- 
brane fusion complex in vitro. EMBO J. 14, 2317-2325. 

Ikonen E., Tagaya M., Ullrich O., Montecucco C, and Simons K. 
(1995) Different requirements for NSF, SNAP, and rab proteins in 
.apical and basolateral transport in MDCK cells. Cell 81, 571-580. 
Jahn R. and Hanson P. I. (1998) SNAREs line up in new environment. 

Nature 393, 14-15. 
Jongeneel C. V., Bouvier J., and Bairoch A. (1989) A unique signature 
identifies a family of zinc-dependent proteases. FEBS Lett. 242, 
- 211-214. 

Laemmli U. K. (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227, 680-685. 

Link E., Edelmann. L., Chou J. R, Binz T., Yamasaki S., Eisel U., 
Baumert M., Sudhof T. C, Niemann H., and' Jahn R. (1992) 
Tetanus toxin action: inhibition of neurotransmitter release linked 
rn wnantobrevin oroteo lysis. Biochem. Biophys. Res. Commun. 
189* 1017-1023. " 

Macaulay S. L., Rea S., Gough K. H„ Ward C. W., and James D. E. 

(1997) Botulinum E toxin light chain does not cleave SNAP-23 
and only partially impairs insulin stimulation of GLUT4 translo- 



cation in 3T3-L1 cells. Biochem, Biophys. Res. Commun. 237, 
388-393. 

Montecucco C. and Schiavo G. (1994) Mechanism of action of tetanus 
and botulinum neurotoxins. Mol. Microbiol 13, 1-8. 

Niemann H. r BIasi J., and Jahn R. (1994) Clqstridialneurotoxins:_new 
tools for dissecting exocytosis. Trends Cell Biol. 4, 179-185. 

Pellizzari R., Rossetto 0., Lozzi L. t Giovedi S., Johnson E., Shone . 
C. C, and Montecucco C. (1996) Structural determinants of the 
specificity for synaptic vesicle-associated membrane protein/syn- 
aptobrevin of tetanus and botulinum type B and G neurotoxins. 
J. Biol Chem. 271, 20353-20358. 

Pellizzari R., Mason S., Shone C. C, and Montecucco C. (1997) The 
interaction of synaptic vesicle-associated membrane protein/syn- 
aptobrevin with botulinum neurotoxins D and F. FEBS Lett. 409, 
339-342. 

Ravichandran V., Chawla A., and Roche P. A. (1996) Identification of 
a novel syntaxin- and synaptobrevin/VAMP-binding protein, 
SNAP-23, expressed in nonneuronal tissues. J. Biol Chem. 271, 
13300-13303. 

Rossetto O., Schiavo G., Montecucco C, Poulain B., Deloye F., Lozzi 
L., and Shone C. C. (1994) SNARE motif and neurotoxins. Nature 
372, 415-416. 

Rothmann J. E. (1994) Mechanisms of intracellular protein transport. 
Nature 372, 55-63. 

Schiavo G., Benfenati F., Poulain B., Rossetto O., Polverino de Laureto 
P., Das Gupta B. R. ( and Montecucco C. (1992) Tetanus and 
botulinum-B neurotoxins block neurotransmitter release by pro- 
teolytic cleavage of synaptobrevin. Nature 359, 832-835, 

Schiavo G., Shone C. C, Bennett M. K., Scheller R. H. t and Mon- 
tecucco C. (1995) Botulinum neurotoxin type C cleaves a single 
Lys-Ala bond within the carboxyl-terminal region of syntaxins. 
J. Biol Chem. 270, 10566-10570. 

Schmidt J. J. and Bostian K. A. (1997) Endoproteinase activity of type 
A botulinum neurotoxin: substrate requirements and activation by 
serum albumin. J. Protein Chem. 16, 19-26. 

Shone C. C. and Roberts A. K. (1994) Peptide substrate specificity and 
properties of the zinc-endopeptidase activity of botulinum type B 
neurotoxin. Eur. J. Biochem. 225, 263-270. 

Shone C. C, Quinn C. P., Wait R., Hallis B., Fooks S. G., and 
Hambleton P. (1993) Proteolytic cleavage of synthetic fragments 
of vesicle-associated membrane protein, isoform-2 by botulinum 
type B neurotoxin. Eur. J. Biochem. 217/965-971.. 

Simpson L. L., ed (1989) Botulinum Neurotoxin and Tetanus Toxin. 
Academic Press, San Diego. 

Trimble W. S., Cowan D. M., and Scheller R. H. (1988) VAMP-1: a" 
synaptic vesicle-associated integral membrane protein. Proc. Natl. 
Acad. Sci USA 85, 4538-4542. 

Wang G., Witkin W. J., Hao G., Bankaitis V. A., Scherer P. E., and 
Baldini G. (1997) Syndet is a novel SNAP-25 related protein 
expressed in many tissues. J. Cell Sci. 110, 505-513. 

Washboume P., Pellizzari R., Baldini G., Wilson M. C, and Mon- 
tecucco C. (1997) Botulinum neurotoxin types A and E require the 
SNARE motif in SNAP-25 for proteolysis. FEBS Lett. 418, 1-5. 

Weber T., Zemelman B. V., McNew J. A., Westermann B., Gmachl M., 
Parlati F., Sollner T. H., and Rothmann J. E. (1998) SNAREpins: 
minimal machinery for membrane fusion. Cell 92, 759-772. 

Williamson L. C, Halpenv J. L., Montecucco C, Brown J. E., and 
Neale E. A. (1996) Clostridial neurotoxins and substrate proteol- 
ysis in intact neurons. J. Biol. Chem. 271, 7694-7699. 

Yamasaki S., Baumeister A., Binz T., Blasi J., Link E., Cornille F., 
Roques B., Fykse E. M., Sudhof T. C, Jahn R., and Niemann H. 
(1994a) Cleavage of members of the synaptobrevin/VAMP family 
by types D and F botulinal neurotoxins and tetanus toxin. J. Biol. 
Chem. 269, 12764-12772. 

Yamasaki S., Hu Y., Binz T., ICalkuhl A., Kurazono H., Tamura T., 
Jahn R., Kandel E., and Niemann H. (19946) Synaptobrevin/ 



nica: structure and proteolysis by tetanus toxin and botulinal 
neurotoxins type D and F. Proc. Natl. Acad. Sci. USA 91, 4688- 
4692. 



J. Neurochem.. Vol. 72. No. 1. J 999 



PRODUCT 
APPLICATION 




a forum for manufacturers to describe the 

.current and potential applications of new 
research instruments or products. 



Immunoaffinity Purification of FLAG® 
Epitope-Tagged Bacterial Alkaline Phosphatase 
Using a Novel Monoclonal Antibody and 
Peptide Elution 

Bill L. Brizzard, Richard G. Chubet and Douglas L. Vizard 

Eastman Kodak Company, New Haven, CT, USA. 



ABSTRACT 

The FLAG® epitope is an eight amino acid peptide (AspTyr- 
LysAspAspAspAspLys) that is useful for immunoaffinity purification 
affusion proteins. A monoclonal antibody (anti-FLAG® Ml) that 
binds the FLAG epitope in a calcium-dependent manner and re- 
quires an N- terminal FLAG sequence has been described previously. 
We describe the use of a second anti-FLAG monoclonal antibody 
(anti-FLAG M2) in immunoaffinity purification of N -terminal Met- 
FLAG and C-terminal FLAG fusion to bacterial alkaline phos- 
phatase. Although binding of an anti-FLAG Ml monoclonal anti- 
body to the FLAG epitope is not calcium-dependent, bound fusion 
proteins can be e luted by competition with FLAG peptide. 

INTRODUCTION 

The FLAG® protein expression and purification system is 
based on the fusion of an eight amino acid marker peptide 
(FLAG) to a target protein to be expressed and purified. The 
FLAG sequence (AspTyrLysAspAspAspAspLys) is hydro- 
philic and includes the cleavage recognition sequence 
(AspAspAspAspLys) of the enzyme enterokinase (8). A 
monoclonal antibody (anti-FLAG® Ml) specific for the 
hLAU marker fused to the rv-terminus ot expressed proteins 
has been described (14). A primary benefit of the anti-FLAG 
M 1 monoclonal antibody is that it binds to FLAG fusion pro- 
teins in a calcium-dependent manner, allowing gentle elution 
by the addition of chelating agents. The FLAG system has 
been used for detection of proteins expressed in a variety of 
cell types, including examples from bacterial (2,15), yeast (8) 



and mammalian (6,10.1 7) cells. 

A limitatation of the anti-FLAG Ml monoclonal antibody 
is that it is specific for the N-terminal FLAG fusion proteins 
produced following removal of a secretion signal sequence in 
which the first amino acid of the FLAG sequence is at the 
very N-tenninus of the fusion protein (14). Therefore, the 
anti-FLAG M 1 monoclonal antibody cannot be used for affin- 
ity purification of FLAG fusion proteins in which the FLAG 
marker is preceded by a methioine at the N-tenninus of the 
protein (Met-FLAG fusion proteins) or the FLAG marker is 
fused to the C-terminus of the protein. 

In an effort to extend the applications of the FLAG system, 
we have evaluated the potential of an additional anti-FLAG 
monoclonal antibody (anti-FLAG M2) for use in affinity puri- 
fication of FLAG fusion proteins. The binding of the anti- 
FLAG M2 monoclonal antibody is not calcium-dependent, 
and thus bound antigens cannot be dissociated by the addition 
of chelating agents (unpublished observations). We have 
coupled the anti-FLAG M2 monoclonal antibody to agarose 
beads by hydrazide linkage, and this preparation has been 
used successfully by others for the affinity purification of 
N-terminal Met-FLAG fusion proteins. Initally, elution of 
bound proteins was carried out at low pH (11), and, more re- 
cently, synthetic FLAG peptide has been used for competitive 
elution O). in this report, we describe me expression and sub- 
sequent purification by anti-FLAG M2 affinity chromatogra- 
phy of N-terminal Met-FLAG and C-terminal FLAG fusions 
to bacterial alkaline phosphatase (BAP). Furthermore, we 
demonstrate that synthetic FLAG peptide can be used as a 
gentle alternative to low pH for the elution of both N-terminal 
Met-FLAG and C-terminal FLAG fusion proteins. 
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MATERIALS AND METHODS 

Expression Vectors and Cloning of Bacterial Alkaline 
Phosphatase 

The pFLAG-MAC and pFLAG-CTS expression vectors 
(Figure 1) were derived from the pFLAG-1 expression vector 
(Eastman Kodak Company, New Haven, CT, USA). A clone 
of the Escherichia coli alkaline phosphatase gene, phoA (9), 
from which the leader sequence and N-terminal 4 amino acids 
of the mature enzyme were deleted, was kindly provided by 
Dr. Mark Sullivan (Kodak Research, Labs, Rochester, NY, 
USA). The modified alkaline phosphatase gene was then sub- 
cloned into XhoVKpnl double-digested pFLAG-MAC to gen- 
erate pFLAG-M AC-BAP and Bgl\\ISal\ double-digested 
pFLAG-CTS to generate pFLAG-CTS-BAP (Figure 1). The 
nucleotide sequence of FLAG/alkaline phosphatase junctions 
were confirmed by DNA sequencing using the Deazaquel 
DNA sequencing kit (IBI/Kodak, New Haven, CT, USA). Re- ' 
striction and modifing enzymes were from IBI/Kodak. 

Expression in E, coli L 

Cultures of E. coli LL308, F lacW lacZ ^ 1}5 lacY+ pro+f 
&(pro-lac)?hi supE recA nalA, (12) transformed with pFLAG- 
M AC-BAP and pFLAG-CTS-B AP were grown overnight at 
37°C in Luria broth containing 50 |ig/mL ampicillin. The 
overnight cultures were diluted 1:100 into fresh Luria broth 
containing 50 |ig/mL ampicillin and grown at 37°C until early 
log phase. Isopropyl-p-D-thiogalactopyranoside (IPTG) was 
added to a final concentration of 1 mM, and growth was con- 
tinued for an additional 2 h at 37°C 

Preparation of E. coli Cell Lysate 

E. coli LL308 cells expressing FLAG-BAP fusion protein 
were harvested by centrifugation; the culture broth was dis- 
carded; and the cell pellet was resuspended in Buffer A (50 
mL for 500 mL of culture), 0.25 mg/mL lysozyme, 50 mM 
Tris-HCl, pH 8.0, 5 mM EDTA and 50 Jig/mL sodium azide. 
The suspension was incubated at room temperature for 10 
min; Buffer B (1/10 vol) containing 1.5 M NaCl, 0.1 M 
CaCl 2 , 0. 1 M MgCl 2 , 20 |ig/mL DNase 1,150 Jig/mL ovomu- 
coid protease inhibitor (Sigma Chemical, St. Louis, MO, 
USA) was then added, and incubation was continued for an 
additional 10 min at room temperature. The lysate was then 
centrifuged at 25 OOOx g for 1 h at 4°C The cleared lysate was 
then applied to the anti-FLAG M2 affinity gel column. 

Production and Purification of Anti-FLAG M2 
Monoclonal Antibody 

The anti-FLAG M2 hybridoma, an NS 1 myeloma 
BALBc/spleen cell hybrid, produces an IgG] antibody and 
was derived at Immunex (Seattle, WA, USA). The anti-FLAG 
M2 monoclonal was purified from ascitic fluid by chroma- 
tography using MAPS II Protein A Affi-Gel (Bio-Rad, Her- 
cules, CA, USA). 

Preparation of Anti-FLAG M2 Affinity Gel 

The antibody was coupled to Hydrazide AvidGel™ Ax 
(Bioprobe International, Tustin, CA, USA) according to the 



manufacturer's instructions. Purified anti-FLAG M2 mono- 
clonal antibody was dialyzed into coupling buffer, and the 
concentration of antibody was determined from the optical 
density at 278 rim. Following the coupling reaction, the gel 
was pelleted by centrifugation, and the concentration of the 
remaining uncoupled antibody was determined from the opti- 
cal density. The amount of antibody coupled per milliliter of 
gel volume (typically 2.5- 4.0 mg/mL) was estimated from 
the difference in optical density. The anti-FLAG M2 affinity 
gel was washed by centrifugation at 4°C in phosphate-buff- 
ered saline, pH 7.4, containing 0.02% sodium azide. 

Immunoaffinity Chromatography 

Immunoaffinity chromatography of E. coli cell iysates 
containing FLAG-BAP fusion proteins was performed at 
room temperature. The anti-FLAG M2 affinity gel suspen- 
sion was poured into a 12-mL polypropylene column to give 
a final bed volume of 1 mL. The column was then washed 
with three 5-mL aliquots of TBS (50 mM Tris-HCl, pH 7.4, 
0.15 M NaCl) followed by three 5-mL aliquots of 0.1 M gly- 
cine-HCl pH 3.5 and immediately neutralized with three 5- 
mL aliquots of TBS. The cleared E. coli LL308 lysate con- 
taining FLAG-BAP fusion protein was warmed to room 
temperature and applied to the column by gravity flow. The 
column was then washed with three 10-mL aliquots of TBS. 
Bound FLAG-BAP fusion protein was eluted with six 1-mL 
aliquots of FLAG peptide in TBS. 

Synthesis and Purification of FLAG Peptide 

The FLAG peptide, NFh-AspTyrLysAspAspAspAspLys- 
COOH, was synthesized and purified by HPLC to a level of. 
greater than 95% purity by the Cornell Biotechnology Ana- 
lytical and Synthetic Facility (Ithaca, NY, USA). The atomic 
mass of the peptide as measured by mass spectral analysis 
was 1012.28. The molarity of the peptide in solution was cal- 
culated using the molar extinction coefficient of tyrosine in 
water (1420) at 274.6 nm. 

Measurement of Alkaline Phosphatase Activity and 
Protein Concentration 

The enzymatic activity of the alkaline phosphatase en- 
zyme was measured using an IBI Biolyzer™. Protein concen- 
tration was determined using Bradford reagent (Bio-Rad). 



RESULTS 

Expression Vectors and FLAG-BAP Gene Fusions 

The pFLAG MAC ar.d pFLAG CTS E. coli express^" 
vectors (Figure 1A) were designed for expression of N-termi- 
nal Met-FLAG and C-terminal FLAG fusion proteins, re- 
spectively. Transcription of cloned DNA is driven by the E. 
coli iac promoter (1). In pFLAG-MAC, the ATG translational 
initiation codon is followed immediately by the 24-bp se- 
quence encoding the eight amino acid FLAG sequence and 
the downstream multiple cloning site. In pFLAG-CTS, the 
ATG translational initiation codon is followed by the DNA 
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sequence encoding the ompA signal peptide (13) and a down- 
stream multiple cloning site followed by the 24-DNA se- 
quence encoding the FLAG marker. 

The nucleotide and amino acid sequence of the 
FLAG/BAP junction "in pFLAG-M AC-B AP" are shown in 
Figure IB. Directional cloning of the BAP gene into 
XhoUKpnl double-digested pFLAG-MAC resulted in the in- 
clusion of an additional 15 bp of DNA sequence from the 
multiple cloning site between the FLAG sequence and the 
first base of the BAP gene. The predicted molecular weight of 
the Met-FL AG-BAP fusion protein is 48421 Da. The se- 
quence of the upstream ompA/BAP and downstream 



A 




B 

T H X 

113 III 153 

ATG GAC TAC AAG GAC GAC GAT GAC AAA GTC AAG CTT CTC GAG 
Mec Asp Tyr Lys Asp Asp Asp Asp Lys Val Lys Leu Leu Glu 



1S4 

ATG CCT CTT CTG GAA ... . . TAX 

Met Pro Val Leu Glu ... alkaline phosphatase ..Stop 



c 

ATG AAA AAG ACA GCT ATC GCG ATT GCA GTG GCA CTG GCT GGT TTC 
Met Lys Lys Thr Ala He Ala He Ala Val Ala Leu Ala Gly Phe 

B 

111 ♦ I 191 

GCT ACC GTT GCG CAA GCT TCT CGA GAA TTC CCG GGT ACC AGA TCT 

Ala Thr Val Ala Gin Ala Ser Arg Glu Phe Pro Gly Thr Arg Ser 

5 

1,3 | 1336 

CTC GAG ATG CCT GTT CTG GAA ... . . } GTC 

Leu Glu Met Pro Val Leu Glu ... ol)caline phosphatase [, .Val 

1S31 

GAC TAC AAG GAC GAC GAT GAC AAG TGA 
Asp Tyr Lys Asp Asp Asp Asp Lys Stop 



Figure 1. (A) pFLAG-CTS and pFLAG-MAC expression vectors. pFLAG- 
CTS and pFLAG-MAC are 5391 and 5056 bp. respectively. Abbreviations 
are: tac = hybrid between trp and lac promoters; RBS = ribosome binding 
site; ompA = DNA sequence encoding the leader peptide of E. coli outer 
membrane protein A; FLAG = AspTyrLysAspAspAspAspLys; MCS = mul- 
tiple cloning site; STOP = DNA sequence encoding translational stop codons; 
TERM = E. coli rrnB transcriptional terminator; amp r = B-lactamase gene; 
ori = col El DNA replication origin; f| = f| phage replication origin; lac! = 
lacF gene. (B) DNA and protein sequence of the FLAG-BAP junction in 
pFLAG-MAC-BAP. T, H and X represent Tth 111 I, HindUl and Xhol 
restriction enzyme cleavage sites, respectively. The sequence of the phoA 
gene is shown in bold. (C) DNA and protein sequence of the omp A-HAP 
and BAP-FLAG junctions in pFLAG-CTS-BAP. B and S represent. flg/II and 
Sail restriction enzyme cleavage sites. The arrow indicates' the cleavage site 
of E. coli signal peptidase. The sequence of the phoA gene is shown in bold. 



BAP/FLAG junction i n_pFL A G - CTS -BAP is shown in Fig- 
ure 1C. Directional cloning of the alkaline phosphatase gene 
into Bglll/Sall double-digested pFLAG-CTS resulted in an 
additional 33 bp of sequence between the last base of the 
omp'A leader peptide and the first; base of the BAP genev as 
well as the substitution of a valine codon for the BAP gene 
translational stop codon immediatedly preceding the C-termi- 
nal FLAG marker. The predicted molecular weight of the C- 
FLAG-BAP fusion protein without the ompA leader is 49 067 
Da. Because our interest was in the interaction of the anti- 
FLAG M2 antibody and the N-terminal Met-FLAG or the C- 
terminal FLAG fusion to the expressed protein, and not in the 
native enzyme, neither construct was further modified. 

Expression and Purification of FLAG-BAP Fusion 
Proteins 

Cultures of E. coli LL308 containing pFLAG-M AC-BAP 
and pFLAG-CTS-BAP were induced with IPTG, and cleared 
lysates were prepared as described in Materials and Methods. 
The total protein concentration of the pFLAG-M AC-BAP and 
pFLAG-CTS-BAP lysates was 0.5 mg/mL and 0.3 mg/mL, 
respectively. The cleared lysates (40 mL of each) were ap- 
plied separately to 1-mL anti-FLAG M2 affinity columns (3.8 
mg anti-FLAG M2 antibody per milliliter gel). The columns 
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' Fraction No. — D - F8""' P'° l «"> 

£ — U/ml BAP 



Figure 2. (A) Protein concentration and enzymatic activity of Met-FLAG- 
BAP column fractions eluted with FLAG peptide. (B) Protein concentration 
and enzymatic activity of C-FLAG-BAP column fractions eluted with FLAG 
peptide. Fractions were eluted with 0.8-mo!ar column equivalents (fraction 
1); 1.6-molar column equivalents (fraction 2); 3.2 molar column equivalents 
(fraction 3); 6.4-molar column equivalents (fraction 4); 8.0-molar column 
equivalents (fraction 5); and 16.0-molar column equivalents (fraction 6) of- 
FLAG peptide in TBS. Alkaline phosphatase activity is given in international 
units (3). 
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were washed with TBS, and bound FLAG-BAP fusion pro- 
tein was eluted by stepwise-addition of six 1-mL aliquots of 
FLAG peptide at 0.8, 1.6, 3.2, 6.4, 8.0 and 16.0 molar column 
equivalents (1 molar column equivalent equals 50 jig FLAG 
peptide). The fractions were collected and analy zed *f or pro- 
tein using Bradford reagent (the FLAG peptide is not detected 
by Bradford reagent) and for alkaline phosphatase activity us- 
ing the Biolyzer (Figure 2A and B). Elution of FLAG-BAP 
fusion protein began at 1.6- molar column equivalents, and the 
elution peak occurred in the 3.2-moIar equivalent fraction. A 
total of 490 jig of Met-FLAG-BAP and 350 |ig of C-FLAG- 
BAP protein were recovered, representing 2.5% and 2.9% of 
the total protein applied, respectively. The specific activity of 
the FLAG-BAP protein in the peak fraction was 120 IU per 
mg for Met-FLAG-BAP and 280 IU per me for C-FLAG- 
BAP 

The purity of the BAP proteins eluted from each affinity 
column was analyzed by sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis (SDS-PAGE). In each case, a single 
band with an electrophoretic mobility corresponding to The 
"predicted molecular weight of the Met-FLAG-BAP (Figure 
3A) and C-FLAG-BAP fusion proteins (Figure 3B) is visible 
in column fractions eluted with FLAG peptide. 

DISCUSSION 

We have shown that N-terminal Met-FLAG-BAP and C- 
terminal FLAG-BAP fusion proteins can be efficiently eluted 
from the anti-FLAG M2 affinity column using only a several- 
fold molar excess of FLAG peptide. The mature alkaline 
phosphatase enzyme is a homodimer of two 47-kDa subunits 
(4). Dimerization normally occurs following secretion into 
the E. coli periplasmic space and is required for enzymatic 
activity (7). Alkaline phosphatase expressed in the cytoplasm 
is enzymatically inactive and subject to rapid proteolytic deg- 
radation. However, the purified cytoplasmic precursor will di- 
merize in vitro with slow kinetics. We found the specific ac- 
tivity of the purified Met-FLAG-BAP to be lower than that, of 
the C-FLAG-BAP (Figure 2). Although not tested directly, it 
is possible that the lower specific activity of the purified Met- 
FLAG-BAP fusion protein was the result of cytoplasmic ex- 
pression of the monomer followed by slow dimerization dur- 
ing the purification procedure. 

Since enzymatically active protein was found in both the 
eluted N-terminal Met-FLAG-BAP and C-terminal FLAG- 
BAP column fractions, both preparations are likely to contain 
dimerized alkaline phosphatase enzyme, which possesses two 
FLAG markers per dimer molecule. The possible divalent na- 
ture of the FLAG epi tope-tagged enzyme could make it more 
resistant to peptide elution. However, efficient elution was 
observed using only a severalfold molar excess of FLAG pep- 
tide. Moreover, we have used FLAG peptide to elute two 
other proteins from anti-FLAG M2 affinity columns with 
FLAG peptide, and we found that varying the flow rate during 
elution from 0.3 to 2.0 mL/min had no appreciable effect on 
the elution profile (data not shown). Funhermore, in an addi- 
tional experiment (data not shown), we tound the effective 
binding capacity of the anti-FLAG M2 affinity gel for C-ter- 
minal FLAG-BAP to be 41 % of the theoretical binding capac- 
ity (assuming divalent C-terminal FLAG-BAP). Therefore, 
we proposed that peptide elution of FLAG fusion proteins - 
from anti-FLAG M2 affinity gel will be a generally applicable " 
and useful procedure. 
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Figure 3. (A)Coomassie blue-stained SDS-polyacrylamide gel of Met-FLAG-B AP column fractions eluted with FLAG peptide. Lane 1, N-terminal FLAG-BAP 
fusion protein: lane 2, molecular weight standards; lane 3, 2.5-p.L column flow through; ianes 4-9, 2.5-|iL column fractions 1-6 (see legend of Figure 2), 
respectively. (B) Coomassie blue-stained SDS-polyacrylamide gel of C-FLAG-BAP column fractions eluted with FLAG peptide. Lane 1, molecular weight 
standards; lane 2, 2.5-pL column flow through: lanes 3-8, 2.5-u.L fractions 1-6 (see legend of Figure 2), respectively. T 



In addition to purification of N-terminal Met-FLAG and 
C-terminal FLAG fusion proteins, the anti-FLAG M2 mono- 
clonal antibody can be used for purification of N-terminal 
FLAG fusion proteins (data not shown). However, the anti- 
FLAG M 1 monoclonal antibody binds to N-terminal FLAG 
fusion proteins in a calcium-dependent manner, and bound 
fusion proteins can be eluted using chelating agents (14). Al- 
though the binding of the anti-FLAG M2 antibody is not cal- 
cium-dependent, it can bind to the FLAG epitope when addi- 
tional amino acids are found N-terminal to the FLAG 
sequence. Use of the anti-FLAG M2 affinity gel coupled with 
peptide elution therefore extends the applications of the 
FLAG system to purification of FLAG fusion proteins ex- 
pressed in the cytoplasm (MET-FLAG) and C-terminal 
FLAG fusion proteins, and it offers an alternative to the ex- 
treme conditions often required for elution of antigens from 
immunoaffinity columns (16). 
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Functional analysis of avian class I (BFIV) 
glycoproteins by epitope tagging and mutagenesis 

in vitro 



Similarities between the physical structures of avian and mammalian major histo- 
compatibility complex (MHC) class I glycoproteins have been proposed based 
on comparative alignment of their amino acid sequences. To investigate the 
physical structure of the chicken class I glycoprotein, we cloned the cDNA 
representing the BFIV locus of the B21 haplotype. A unique, chimeric class I 
glycoprotein was constructed by incorporating an epitope tag (FLAG) at the N 
terminus. Monoclonal antibodies to the FLAG epitope served to monitor cell- 
surface expression for functional analysis of the BFIV21. class I glycoprotein. 
The chimeric class I glycoprotein was expressed in target cells using an avian leu- 
kosis virus (ALV)-derived retrovirus vector (RCASBP). The presence of the 
■ FLAG epitope did not interfere with either alloantibody recognition or cytotoxic 
T lymphocyte interaction. Functional analysis employing site-directed mutagen- 
esis identified BF amino acid residues forming serologic epitopes as well as resi- 
dues important in antigen presentation to ALV-induced cytotoxic T lymphocytes. 
BF residues 78 and 81, corresponding to HLA 79 and 82, form an antibody epi- 
tope with a slight effect "on ALV antigen presentation, consistent with their pre- 
dicted orientation based on the HLA-A2 crystal structure. Alignment of the 
BFIV21 sequence with previously published BFIV sequences revealed polymor- 
phisms at position 34 (HLA 34), a monomorphic residue in HLA and H-2. Resi- 
due 34 is located in pocket B and is predicted to contact the main-chain carbon 
of peptides bound in HLA-A2. A site-directed substitution in BFIV residue 34 
dramatically alters ALV antigen presentation by the BFIV21 class I glycopro- 
tein. These data indicate that the physical molecular structure of the chicken 
MHC class 1 glycoprotein is similar to HLA. 



1 Introduction 

The chicken major histocompatibility complex (MHC) 
class I molecule "is biochemically and functionally similar 
to the mammalian class 1 molecule [1]. This 40-42 kDa 
molecule is expressed on virtually all cells and is thought to 
play a central role in MHC-restricted antigen presentation 
to cytotoxic T cells [2, 3]. Six class I loci have been identi- 
fied, scattered throughout the chicken MHC [4], and there 
is evidence that more than one locus is expressed [5, 6]. 
Recent evidence shows that chicken class I loci segregate 
independently as if they were located on two different 
chromosomes or separated by a recombinational hot spot 
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Class I sequences have been determined from several dif- 
ferent alleles from both genomic libraries [8] and cDNA 
[4, 9-11]. The class I sequence presented here is from the 
B21 haplotype and is of particular interest due to the 
strong association between this haplotype and resistance 
to Marek's disease, an avian herpes virus-induced lym- 
phoproliferative disease of chickens [12]. Recently the 
class I cDNAfrom the B21 and B13 haplotypes have been 
expressed and shown to present viral antigens to cytotoxic 
lymphocytes in an MHC-restricted manner (Thacker, in 
preparation). 

Although the avian and mammalian classes have evolved 
separately for 270 million years, alignment of the chicken 
and mammalian class I amino acid sequences suggests that 
the physical structures are remarkably conserved [4]. 
Avian polymorphic residues tend to occur in the same re- 
gions as in mammalian class I molecules, and residues 
important for the structural integrity of the a-helices and 
(3-strands forming the antigen recognition site (ARS) 
appear to be conserved. While the overall three- 
dimensional structure of the chicken class I molecule is 
conserved, there are intriguing differences. For optimal 
amino acid alignment, gaps must be inserted in the BFIV 
cpnnpnrp at three of the 6-strand connecting loops, and 
there is one additional amino acid at the beginning of the 
a-helix located in the a-1 domain. The avian class I gly- 
coprotein has an additional glycosylation site located on 
the loop connecting the a-1 P-strands 3 and 4. This glyco- 
sylation signal disrupts two of the six conserved mamma- 
lian intra-a-1 domain salt bridges. There are also regions 
within the chicken ARS that are polymorphic compared 
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with their monomorphic counterparts in mammals. To 
what extent these differences alter the orientation of 
amino acid side chains lining or positioned along the 
chicken class I ARS remains to be determined. 

The crystal structure of HLA-A2 [13] has been extremely 
accurate in predicting the orientation of amino acids which 
influence antibody epitopes, T cell receptor interactions, 
and peptide binding in the ARS [14]. Six pockets, distrib- 
uted throughout the ARS, have been identified as poten- 
tial ancho/sites for peptide side chain binding [14]. Exten- 
sive mutation and expression analysis of mammalian 
class I DNA has identified polymorphic regions that con- 
tribute to allele-specific monoclonal antibody binding epi- 
topes [15, 16] and also which residues impact on pocket 
structure and thus peptide presentation [16, 17]. A similar 
analysis of chicken class I glycoproteins would provide 
physical evidence for the theoretical structural similarities 
which have been proposed for the avian and mammalian 
class I glycoproteins [4, 11] and provide insight into the 
orientation of those amino acid residues forming the 
chicken class I ARS. 

To investigate the physical structure of the chicken class 1 
glycoprotein, we have cloned. and sequenced the cDNA 
representing the BFIV locus from the B21 haplotype. To 
ensure detection of the cloned sequences, a unique epi- 
tope tag was attached to the cDNA. With this tag, expres- 
sion of the BFIV glycoprotein could be monitored even 
when allo-antiserum-binding epitopes were altered. Nor- 
mal and mutant class I glycoproteins were expressed in the 
chicken B cell line RP9 using an avian retroviral vector and 
then used to identify functionally important residues in the 
chicken class I ARS by both antibody binding studies and 
5I Cr-release assays to measure cell-mediated cytotoxic 
activity. Residues BF 78 and SL corresponding to HLA 79 
and 82, form an antibody epitope consistent with their pre- 
dicted orientation based on the HLA-A2 crystal structure. 
This polymorphic region has been identified as an impor- 
tant antibody epitope in both HLA .[IS, 19] and H-2 [20]. 
Residue BF 34, corresponding to HLA 34, is polymorphic 
in the chicken, yet monomorphic in HLA-A,B,C and H- 
2K,D,L [2 1-23].. Residue HLA 34 is predicted to influ- 
ence pocket B of the ARS. and substitutions in residue 34 
influence antigen presentation in HLA-A2 [16]. In this 
study, changes in residue 34 are shown to affect antigen 
presentation by BFIV, confirming the significance of this 
residue in peptide presentation. y 



2 Materials and methods 
2.1 Chicken lines 

Chickens used were from either the inbred RPRL 15. B 
congenic lines [24] or the non-inbred line 0 [25, 26] 
developed at the USDA Avian Disease and Oncology Lab 
in East Lansing, Michigan. The congenic lines are 99.9% 
identical to the inbred 15 1 5 iiue, uui uiiTci ai the MIIC. 
The MHC haplotypes used in this study were B2, B5, B15, 
and B21, and represent common haplotypes found in com- 
merical white Leghorn strains. The B21 sequence was 
cloned from the 15.N-21 congenic line. The original source 
of the B21 haplotype was line N from Cornell [27]. Line 0 
birds (B21/B21 haplotype) were used as the source of 



effector cells for cytotoxic T lymphocyte, assays. Chick 
embryo fibroblasts (CEF) were obtained from 10-day-old 
embryos from line Ochickens. LSCC-RP9 (RP9) is a B cell 
lymphobiastoid cell line induced in a 15I 5 x 7 : chicken 
(B2/B15 haplotype) by Rous associated virus-2 (RAV-2), a 
subgroup B avian leukosis virus (ALV) [28]. 



2.2 Enzymatic amplification 

The polymerase chain reaction (PCR) conditions used 
were 200 u>i of each dNTP. 2.0 mM MgCL, 10 m\i Tris- 
HC1 pH 8.3, 50 mM KC1 2.5 U Amplitaq (Perkin-Elmer), 
with 100 pmoles of each primer and 100 ng of template in 
a 100 ul final volume. Reaction mixtures were overlaid 
with light mineral oil (Sigma, St. Louis, MO) and placed in 
an MJ (Watertown, MA) thermocycler for an initial 1 min 
96 °C denaturation step. This was followed by 30 cycles of 
amplification (denaturation: 1 min, 95 °C; annealing: 
1 min, 50 °C; extension: 3 min, 72 °C) and a final extension 
of 10 min, 72 °C. The subsequent products were then 
ethanol-precipitated before further manipulation. 



2.3 Cloning and sequencing 

The cloning and sequencing strategies used are described 
in detail elsewhere [9]. Bursal mRNA was obtained from 
15.N-21 B-homozygous chickens and cDNA was pro- 
duced. Primers specific for the untranslated flanking re- 
gions of the BFIV locus were developed using the B12 
genomic sequence [S]. These primers, BFIV.5 and BFIV.3 
(Table 1) incorporated Hind III and Xba I restriction sites 
(underlined) and were used with PCR amplification to 
amplify the BFIV allele from B21 cDNA. The L274-bp 
amplification product obtained was cloned into the pRC- 
CMV eukaryotic expression vector (Invitrogcn, San 
Diego, CA) using the Hind HI and Xba I sites. Single- 
stranded sequence analysis was done in both directions for. 
two separate clones using Taquence with 7-dcaza nucleo- 
tides (USB, Cleveland. OH). 



2.4 Retroviral vector construction 

The avian retroviral vector RCASBP(A) [29] was used to 
express the BFIV cDNA in the RP9 B cell tumor line. The 
presence of an endogenous poly(A) signal in sequences 
cloned into RCAS can interfere with retroviral expression 
of the inserted sequence. To eliminate this problem, the a- 
3 domain of BFIV21 was PCR amplified using primers spe- 
cific for exon 3 (primer 15.5: nt 511, Table 1 and Fig. 2) 
and a region 95 bp upstream of the poly (A) site but still 
within the non-coding region 3' of exon 8 (primer 14.3; nt 
1135; incorporating an Xba I site at nt 1155). The subse- 
quent product lacked the endogenous poly (A) signal and 
was substituted into the Bpull02 I (nt 615) and Xba I 
(nt 1155) sites of BFIV21. This modified BFIV21 sequence 

V/a3 UCCd fCT CI*' ^ ■ • nont moninnlatinriQ 

The BFIV21 sequence was transferred into the pUC 
Clall2N adaptor plasmid using the Hind III and Xba 1 
restriction sites within the poly-linker [29]. It was then 
cloned into the Cla I site of RCASBP(A) using partial- 
digestion (due to the internal Cla I site in BFIV21). 
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Orientation of the insert with respect to the retroviral long 
terminal repeat (LTR) was determined by PCR screening 
using a primer specific for the LTR of ALV (generously 
supplied by E.J. Smith) and a BFIV21 internal primer. 
Fig. 1 shows the orientation and relative location of all pri- 
mers used for amplification and those restriction endonu- 
clease sites utilized for cloning. 

The DH5 alpha Escherichia coli strain was used for all 
transformations. Plasmid DNA was purified by either 
Csd: density centrifugation or Qiagen plasmid purifica- 
tion columns (Qiagen, Chatsworth, CA). 



2.5 Incorporation of FLAG epitope 

The FLAG epitope tag is ah 8-amino acid, highly hydro- 
phitic peptide (NH 2 -DYKDDDDK-COOH) developed by 
Immunex (Seattle, WA). All eight of these amino acids are 
required for the bindingof the FLAG-specific monoclonal 
antibody M2 (Kodak-IBI, New Haven, CT).The FLAG 
coding sequence was introduced into BFIV by PCR ampli- 
fication using primer BFIV.5, which is specific to the 5' 
end of BFIV, and primer FLAGM1.3, which is specific to 
the junction of exons 1 and 2 and also contains the 24- 
nucleotide sequence encoding FLAG (Table 1 and Fig. 1). 
The template used was pUCBFIV21. The resulting ampli- 
fied product (consisting of exon 1, FLAG and 5' end of 
exon 2) was substituted between the Hind III and Sst I 
sites of pUCBFIV21 and resulted in the pUCB- 
FIV21FLAG construct. This was subsequently moved into 
the RCASBP (A) vector as described above. 



2.6 Production of mutants 

The BFIV21 mutants were produced using splicing by 
overlapping extension [30]. Mutagenizing primers 
21M34.5 and 21M34.3 (Table 1 and Fig. 1) were specific 
for the area to be altered (nt 193 and 195) and contained 
the desired mutant nucleotide sequence (indicated in bold 
in Table 1). Each primer was used in PCR amplification in 
conjunction with a flanking primer (Le. BFIV.5 and 
21M34.3 or 14.3 and 21M34.5) in separate reactions with 
BFIV21FLAG as template. The resulting product of each 
reaction was isolated by gel elctrophoresis from the tem- 
plate and combined for a second PCR amplification. Due 
to the nature of the mutagenizing primers, these products 
contain overlapping complementary ends which can 
anneal. The second PCR amplification utilized the same 
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Figure 1. Diagram (not to scale) of BFI V21 cDNA showing loca- 
tion and direction of primers used for amplification and mutagen- 
esis and those restriction endonuclease sites involved in cloning. 



flanking primers (BFIV.5' and 14.3) with the annealed 
product as template. The product from this second PCR 
amplification was inserted into the Hind III and Bpull02 I 
sites of pUCBFIV21 and resulted in the pUCB- 
FIV21M34TFLAG mutant. The amino acid sequence of 
. B21M34T differs from that of B21 only at amino acid 34 in 
which the M of B21 is altered to T The pUCB- 
F1V21D78G,R81QFLAG mutant was generated in a simi- 
lar manner utilizing the 21M7S.3 and 21M78.5 set of muta- 
genizing primers. The B21D78G,R81Q mutant has amino 
acids G78 and Q81 instead of D78 and R81 found in B21. 
Each of the mutant constructs were shuttled into the 
pcDNA3 expression vector (Invitrogen) to obtain single- 
stranded DNA for sequencing, and into the RCASBP(A) 
retroviral vector for subsequent expression analysis. 



2.7 Cell transfections and infections 

All cells were grown in LM media (64% Leibovitz L15, 
36% McCoy SA) supplemented with 10% fetal calf 
serum, 2% tryptose phosphate broth and 1 x 10 5 U peni- 
cillin and streptomycin per liter. Transfections into second- 
ary CEF were done using calcium phosphate/DNA co- 
precipitation. CEF were screened for BF transgene expres- 
sion within 7 days of initial transfection by either alloanti- 
sera.or FLAG-specific monoclonal antibody staining and 
subsequent flow cytometric analysis. RP9 cells were subse- 
quently infected with the various constructs by overnight 
incubation with supernatant from CEF carrying the 
RCASBFIV21 constructs. RP9 cells were stained with the 
FLAG-specific monoclonal antibody M2 (Kodak-IBI) 
10 days after infection and positive stained cells were 
sorted by flow cytometry (FACSort, Becton Dickinson, 
San Jose, CA). This resulted in the various cell lines used 
in the antibody binding and cytotoxic T lymphocyte assays 
described. 



Table 1. Sequence of oligonucleotide primers used for cloning BFIV21 cDNA and for site-directed mutagenesis. Restriction endonu- 
clease sites involved for cloning are underlined. Nucleotide alterations including the inserted FLAG sequence are indicated by bold text 



Primer 


Nucleotide Sequence 


BFIV.5 


5'GCGGGTACCAAGCTTCTTGAGAGTGCAGCGGTGCGA 


BK1V.3 


D uCu i C i aGAGCG\jv_\^«j\- i ^ n j. * IATTTCAC 


15.5 


5'CACCAAGAGGAAATGGGAGG 


14.3 


5TGCTGGTCTAGACTGTTGGCTCCTTGCAGGC 


FLAGM1.3 


5'CAGGGTATGGAGCTCCTTGTCGTCGTCGTCCTTGTAGTCGGCCGCCGCCCCGCACAC 


B21M34.5 


5'CTCTTTACGCACTACAA 


B21M34.3 


5'CTGTTGTAGTGCGTAAAGAG 


B21M78.5 


5 ' A ACCTG G G A ATACTG C A ACG G CG CTAC 


B21M78.3 


5 ' GCGCCGTTGCAGTATTCCCAG GTT 
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2.8 Fluorescent labeling and detection 

Peripheral blood lymphocytes (PBL) for screening anti- 
sera were obtained from the 15. B congenic lines and were 
purified with a Histopaque 1077 (Sigma) gradient. Anti- 
B21 antiserum 7283 was produced by a B2/B15 bird and 
7286 was produced by a B5/B15 bird following multiple 
immunizations with B21/B21 bursal cells. 

Cells were incubated on ice with either B21-specific alloan- 
tisera (7283 or 7286) or FLAG-specific monoclonal anti- 
body M2 for 30 min. Cells were washed twice and then 
incubated for another 30 min with either FITC-labeled 
anti-chicken IgG (Bethyl Laboratories, Montgomery TX) 
or FITC-labeled anti-mouse IgG, M or A (Cappel, West- 
chester, PA). Cells were washed three times before flow 
cytometric analysis. 



2.9 Cytotoxic T lymphocyte assay 

Cytotoxic T lymphocyte (CTL) assays were performed as 
described byThacker (in preparation). Briefly, line 0 birds 
were immunized i.v. with 2 x 10 4 infectious units of RAV- 

1- SRA (a recombinant subgroup A avian leukosis virus, 
originally supplied by Dr. H. Robinson) [31]. PBL from 

2- 5 birds were isolated on a Histopaque- 1077 gradient 
10 days after immunization, pooled and washed, and then 
used as effector cells. Target cells were RP9 cells express- 
ing either B2L B13, B21D78G,RS1Q or B21M34T class I 
sequences as described above in addition to the endogen- 
ous B2 and B15 haplotypes. These target cells also express 
ALV viral products due to the RCAS transfection. Effector 
cells were incubated with 5I Cr-labeled target cells for 4 h at 
effector-to-target (E:T) ratio of 100:1." 50:1, 25:1 and 
12:1. Cytotoxicity, as measured by 5l Cr release from the 
target cells, was calculated as a proportion of the maxi- 
mum released following NP-40 lysis of.labeled target cells. 
Percent lysis = [(E-S)/(M-S)] x 100, where E-cpm exper- 
iment, S=cpm spontaneous, and M=cpm maximum. 
5l Chromium release was determined from duplicate sam- 
ples with, a gamma counter (Micromedic). Spontaneous 
release was determined from cells incubated with medium 
only, and maximum release was obtained from cells lysed 
with 1 % detergent. 



3 Results 

3.1 Nucleotide sequence of BFIV21 

The nucleotide sequence of the cloned 1274 bp BFIV21 
cDNA is given in Fig. 2. The sequence contains a portion 
of the 5' untranslated (UT) region, exon 1 which encodes 
the sigrial peptide, exons 2, 3 and 4 which encode the ct-1, 
2 and 3 domains, exons 5, 6, 7 and 8 which encode the 
transmembrane and cytoplasmic domains, and a portion of 
the 3' UT region including the polyadenylation tail. Both 
of the BFIV21 cDNA clones sequenced have the alternate 
exon 7. 

The predicted amino acid sequence of BFIV21 was aligned 
with the BFIV12 [4] and BFIV19vl [11] sequences 
(Fig. 3). The polymorphic amino acids occur primarily in 
the a-1 and a-2 domains (20.5 % and 15.4% polymorphic, 
respectively), with the a-3, transmembrane and cyto- 
plasmic domains being relatively monomorphic (<2% 
polymorphism overall). The human HLA-A2 amino acid 
sequence is shown aligned with BFIV, with gaps inserted in 
eifher BF or HLA-A2 for maximal alignment. The glyco- 
sylation site (CHO) found in both chicken and mammalian 
class I glycoproteins is identified. An additional glycosyla- 
te site at BF N37 was found for all three BFIV alleles. 
This glycosylation site lies within a very conserved stretch 
of amino acids, and is probably a conserved feature of the 
BF glycoprotein. 

3.2 Expression of FLAG epitope and BFIV21 

The nucleotide sequence for the FLAG epitope was engi- 
neered onto the 5' end of the BFIV21 cDNA sequence at 
the junction between exon 1 (signal peptide) and exon 2 
(alpha 1 domain) of BFIV. Expression of the resulting 
FLAG-BFIV fusion protein on cells was examined by both 
FLAG-specific monoclonal antibody M2 and BF-specific 
alloantisera (Table 2). The FLAG epitope was detected on 
the cell line expressing the chimeric FLAG: class I (RP9- 
BFIV21FLAG) glycoprotein, demonstrating expression of 
the fusion protein. Cell lines expressing the construct lack- 
ing the FLAG epitope were not stained, confirming the 
specificity of the M2 monoclonal antibody. Expression of 



Hindi ii . + . exon i + + + + + + Figure 2. Nucleotide sequence of 

1 AAGCTTCTTGAGAGTGCAGCGGTGCGAGGCGATGGGCTCGTGCGGGGCGCTGGGCCTGGGGCTGCTGCTCGCCGCCC-TGTGCGGGGCGGC BFIV21 cDNA. Boundaries Of the 

9i ggccgagctccataccctgcggtacatccgtacggcgatgacgga:cccggccccgggctgccgtggttcgtggac3-ggggtacgtgga exons are indicated by *. 

181 cggggaactcttcatgcactacaacagcaccgctcggagggctgtgccccgcaccgagtggatagcggccaacacggaccagcagtactg 
271 ggacagagagacgcagatcgtacagggcagtgagcagattaaccgc;agaacctggacatactgcggcggcgctaca_accagaccggcgg CXOn 3 
361 gtctcacacagtgcagtggatgtccggctgtgacatcctcgaggatggcaccatccgggggtatcatcaggcagcctacgatgggagaga 
451 cttcgttgccttcgacaaaggcacgatgacgttaactgcggcag-tccagaggcagttcccaccaagaggaaatgggaggaaggaggtta 
541 tgctgaggggctgaagcagtacctggaggaaacctgcgtggagtggctgcggagatatgtggaatacgggaaggctgagctgggcaggag 

* exon 4 

631 agagcgacccgaggtgcgagtgtgggggaaggaggccgacgggatcctgaccttgtcctgccgcgctcacggcttctacccgcggcccat ' 
72 1 cgttgtcagctggctgaaggacggcgcggtgcggggccaggacgcccagtcggggggcatcgtgcccaacggcgacggcacgtaccacac 

* exon 5 

901 gtgggagccgccacagcccaacctggtgcccatcgtggcgggggtggctgtcgccattgtggccatcgccatcgtggttggtgttggatt 

* exon 6 * exon 7 * eX on 6 

991 catcatctacagacgccatgcagggaagaaggggaagggctacaacatcgcgcccgacagggaaggtggatccagcagctcgagcacagg 
i oe i gagcaacccctccatctgagtgctgtgcttcagcctgcaaggagccaacagtccacaccagcatttggggtcggtg^.tggacacagcccc 
1 07 1 atcctcttgacctctcagatgtccctctgcttcctatgctgactgttattctttgcctgcactgcttcctgtgaaataaaatgatgcgcc 

Xbal 

1261 AGCGGCCGTCTAGA 



It 

V' 
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Signal P«ptida 

B-FIV21 MGSCGALGLGLLIAAVCGAAA 
B-FIV19vl RT-- 
B-FIV12 — P 



B-FIV21 ELHTLRYXRTAWTDPSPGLPWFVDVGYVDGELFMHYNST^ 
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B-FIV12 
HLA-A2 



-D-DG-G — 0 
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Figure 3. Predicted amino acid 
Sequence of BFIV21. Shown aligned are 
the amino acid sequences of BFIV12 [4] 
and BFIV19vl [11]. Standard one-letter 
amino acid codes are used with dashes 
indicating identity. The BFIV12 
sequence is corrected at the signal 
peptide-a-1 domain junction as 
described by [9]. The region of the cyto- 
plasmic domain encoded by exon 7 for 
BFIV12 was obtained from the BFIV12 
genomic sequence [S]. Also aligned is 
the HLA-A2 amino acid sequence 
(from [20]) with its corresponding 
enumeration. Insertion of gaps for opti- 
mal alignment are shown as ■ in BF 
and □ in HLA sequences. Carbohy- 
drate attachment sites are indicated a 
triangle (T) and salt bridges are shown 
by an asterisk (*). 



80 
170 



L-N--ET-Q-T 

** 

170 180 



B-FIV21 
B-FIV19vl 
B-FIV12 
HLA-A2 



Trinsmunbr&ne and Cytoplasmic domains 
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the fusion protein was also detectable by the B'21-specific 
alloantisera 7283 and- 7286 (produced by B2/B15 and B5/ 
B15 chickens, respectively). Each of these antisera recog- 
nize the B21 haplotype expressed on PBL, but 7283 also 
cross-reacts with PBL of the B5 haplotype (Table 3). Nei- 
ther antisera cross-reacts with PBL of the B2 or B15 haplo- 
type (present on RP9 cells) or against any other haplotype 
tested (data not shown). The presence of the FLAG epi- 
tope on the amino terminal end of BFIV21 did not inter- 
fere with recognition of BFIV21 epitopes by either of these 
alloantisera. 



Table 2\ Log fluorescent mean channel numbers showing expres- 
sion on three cell lines of the FLAG epitope as detected by 
FLAG-specific monoclonal antibody M2 and BFIV21 as detected 
by B21-specific alloantisera 7283 and 72S6 



Antibody 


Cell line aJ 


anti-FLAG 


B21 -specific alloantisera 




mAb M2 


7283 7286 


RP9-BFIV21 


21 b > 


328 111 


RP9-BFIV21FLAG 


191 


370 160 


RP9 


20 


63 60 



a) Cell types are RP9 expressing either BFIV21 or 
BFIV21FLAG, or non-transfected. 

b) Mean log fluorescent channel number. 



laoie 3 summarizes evidence tor ine expression of ^jlaG 
and B21 epitopes on the cell lines transfected by either 
RCASBFIV21FLAG or one of the RCASBFIV21FLAG 
mutants. For simplicity, the cell lines from here ori will be 
referred to as B21, B21M34T or B21D78G, R81Q even 
though they all also express the FLAG epitope. The FLAG 
epitope is expressed at a similar level on all three cell lines 
but is absent on the RP9 cell line, as indicated by binding 



of the FLAG-specific monoclonal antibody M2. The B21- 
specific alloantiserum 7283 recognized all three B21- 
expressing cell lines/However, it reacted with the B2! and 
B21M34T cell line at a higher level than the 
B21D78G,R81Q cell line. This difference in detection was 
consistent in five assays and was probably due to the lack 
of a B21-specific epitope recognized by 7283. Adsorption 
of 7283 antiserum with a B21M34T-expressing cell line 
removed all B21 specificity. In contrast, adsorption with 
the B21D78G,R81Q-expressing cell line removed all speci- 
ficity to B21D7SG,R8IQ but left considerable reactivity 
for both the B21 and B21M34Tcell lines. The crystal struc- 
ture model predicts that the side chains of those amino 
acids altered in B21D7SG,R81Q (BF 78 and 81; HLA 79 
and 83, see Fig. 4) should point away from the ARS and be 
available for antibody interaction. Since B21D78G,R81Q 
lacks only this epitope, adsorption with B21D78G,R81Q 
should remove all B21 specificity except antibodies specific 
for this region. Adsorption with RP9 did not alter the B21 
specificity of 7283 antiserum. The 7286 antiserum also 
recognized all three B21-expressing cell lines, but at a 
lower level than 7283. Adsorption of this antiserum with 
any of the B21-expressing cell lines (either normal B21 or 
mutant) removed all B21 reactivity. 



The lower portion of Table 3 shows that alloantiserum 
7283 bind to PBL from the B5 haplotype in addition to" 
B2L Adsorption with the B21M34T cell line removed all 
B21 specificity for PBL (as was seen with the mutant cell 
lines) and also removed the B5 cross-reacting antibodies. 
Adsorption with the B21D7b'G,KyiQ cell line removed 
some of the B21 activity; however, some activity remained 
for B21 and B5. The alloantiserum 7286, produced by a 
B5/B15 individual, was not expected to have any B5 speci- 
ficity. Thus, it reacted with PBL having the B21, but not B5 
haplotype. Adsorption of this antisera with either of the 
B21 mutant cell lines removed all specificity for B21 PBL, 
as expected. 
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Table 3. Log fluorescent mean channel numbers showing reactivity of unadsorbed and adsorbed alloantisera 7283 and 7286 on normal 
and mutant allele-expressing BFIV21 cell lines. Antisera were adsorbed with cell lines expressing either the BFIV21M34T or 
BF1V21D7SG,R81Q mutant construct or the RP9 progenitor cell line 



anti-B21-72S3 alloantiserum 
(2/15) adsorbed with: • 



anti-B21-7286 alloantiserum 
(5/15) absorbed with: 



Cell type a) 


anti-FLAG 
inAb M2 


None 


21M34T 


21D78G" " 


RP9 


None 


21M34T 


21D78G 


RP9-BF1 V2 1 FLAG 


565 b > 


557 


35 


191 


524 


233 


25 


28 


RP9-BF1V2 1 M34TFL AG 


546 


633 


47 


237 


599 


284 


46 


50 


RP9-BFI V2 1 D 7SG . RS 1 QFL AG 


525 


412 


45 ■ 


37 


325 


260 


44 


41 


RP9 


16 


45 


37 


30 


33 


36 ■ 


29 


29 


PBL-B21 . 


20 


526 


S5 


263 


424 


279 


. 55 


66 


PBL-B5 


20 


533 


• 98 


299 


613 


67 


6S 


64 


PBL-B15 


19 


52 


58 


63 


57 


58 


65 


60 



a) Cell types are either RP9 expressing the various BFIV21FLAG constructs or non-transfected, or peripheral blood lymphocytes 
(PBL) of the specified haplotype. 

b) Mean log fluorescence channel number. 




Figure 4. Ribbon diagram of HLA-A2 tertiary structure showing 
conserved mammalian salt bridges and glycosylation site, and 
location of gaps introduced in either BF'or HLA for maximal 
alignment. Also shown is the predicted location of the two mu- 
tants BFIV21M34T(HLA34) and BFIV21D7SG,RS1Q (HLA79- 
82). Gray shading indicates that the residue is hidden. ■: Gap in 
BR Q gap in HLA, •: mutation, ★: salt bridge, •-•: disul- 
fide bond, A: N-linked glycan. 



expressing target cells as indicated by the percent specific 
release of 5i Cr; however, lysis of B21D78G,R81Q target 
cells was consistently lower. The BFIV13 target cells repre- 
sent an MHC-incompatible negative control and showed 
very low or no lysis. The target cells expressing the 
B21M34T mutant showed almost no lysis in one assay and 
a low level of lysis in the second assay. While these results 
show variation between assays, the trends are consistent: 



Figure 5. '^'Chromium release assay 
showing cytotoxicity of ALV-induced T 
celts against RP9 target cells expressing 
ALV and either BFIV21 (■); BFIV2f- 
FLAG (♦) or BFIV13-FLAG ( ) 
class I sequences. 




50 25 12 6 
EFFECTOR TO 
TARGET RATIO 



EXPERIMENT 1 



3.3 5I Cr-release assay 



A CTL assay was done using RP9 target cells expressing 
either BFIV2i or BFIV21FLAG to determine whether the 
FLAG epitope interfered with the ability of BFIV to inter- 
act with the T cell receptor. RP9 cells expressing a non- 
MHC-matched" class I (BFIV13FLAG) were used as a neg- 
ative control (Fig. 5). The CLT assay was repeated several 
times with the same results, i.e. FLAG. did not affect lysis 
by CTL. 

Fig. 6 shows the results of two independent CTL assays 
using the RP9 target cell lines expressing one of the 
BFIV21, BFIV13, B21M34T or B21D78G,R81Q class I 
glycoproteins. Effector cells were PBL obtained from 
ALV-infected birds of B21/B21 haplotype. At each E:T 
ratio, there was lysis of the BFIV21- and B21D78G,R81Q- 



EXPERIMEIMT 2 





EFFECTOR TO TARGET RATIO 

Figure 6. 51 Chromium-release assay showing cytotoxicity of ALV- 
induced T cells against RP9 target cells expressing ALV and either 
BFIV21 (♦), BFIV13 ( ). BFIV21M34T (■) or 
BFIV21D7SG,RS1Q (A) class I sequences. 
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lvsis of B21D78G, R81Q cells is slightly less than the posi- 
tive control BFIV21, and lysis of B21M34Tis considerably 
less than BFIV21, but greater than the negative control 
BFIV13. 



4 Discussion 

Expression studies with avian MHC class I and class IT 
molecules are severely limited due to a paucity of locus- 
specific monoclonal or polyclonal reagents. The FLAG 
epitope-tagging system used in this study was invaluable in 
demonstrating expression of the various transfected class I 
products even in the presence of endogenous class I gly- 
coproteins. Relative levels of expression were detectable 
even when alloantiserum-binding . epitopes had been 
altered. The presence of FLAG on the amino terminal of 
the BFIV glycoprotein did not interfere with binding to 
BFIV by specific antibody, and it did not affect the ability 
of BFIV to interact with cytotoxic T cells. This was pre- 
dicted based on the assumed similarity of BF and HLA 
three-dimensional structures. Also, the presence of addi- 
tional amino acid residues on the amino terminal of a 
murine class I glycoprotein did not interfere with allo- 
recognition in H-2K d [32]. The B21-specific alloantisera 
used worked extremely well in our detection system; how- 
ever, there are limitations. The RP9 cell line has the B2/ 
B15 haplotype and therefore, only alloantisera that would 
not cross-react with these two haplotypes could be used for 
detection of inserted BFIV sequences. Further, we do not 
have BF-specific alloantisera available for detection of 
many of the other BFIV alleles. The FLAG epitope- 
tagging of the transfected BFIV sequences eliminated 
many of these problems and should be extremely valuable 
for showing expression of other transfected haplotypes. 
This system should also work for expression studies of 
avian class II MHC glycoproteins, and should be valuable 
for mammalian MHC expression studies for which 
haplotype-specific reagents are not available. 

The BFIV21 sequence is unique from the previously pub- 
lished sequences of BFIV12 [4] and BFIVI9vl [11] and 
contains polymorphisms that result in amino acid changes 
as well as silent mutations. The a-1 and a-2 domains show 
the greatest* amount of polymorphism, whereas the signal 
peptide and transmembrane and cytoplasmic domains are 
highly conserved. This pattern of clustered polymorphic 
and monomorphic regions is consistent with mammalian 
class I molecules, in which the majority of the poly- 
morphic amino acids are found in the a-1 and a-2 domains 
[21,23]. 

Based on the alignment of BFIV and HLA-A2, amino 
acids BF 78 and 81 are predicted to the equivalent to HLA 
79 and 82 and should thus be on the a-helix with their side 
chains directed away from the antigen-binding groove and 
exposed for antibody interaction (Fig. 4). This is the same 
region az the s?roIo?i r - pnitnne of HT ,A-A32 1*1 Rl 

and an alloreactive site in both HLA-B7 [19] and mouse 
H-2K b [20]. More recently, this region has been implicated 
in human NK cell: class I recognition [22]. B21-specific 
alloantisera should contain antibodies specific to this 
region in addition to other epitopes of the BF21 glycopro- 
tein. This region is not predicted to be very important in 
peptide presentation, since it is on the a-helix and its side 



chains are directed away from the ARS; however, it may 
have some influence on T cell receptor interaction. The 
BFIV residues 78 and 81 are. D (hydrophilic and acidic) 
and R (hydrophilic and basic) in BFIV21 versus G and Q 
(both are hydrophilic but neutral) in the BFIV12 and 
BFIV19vl alleles, as well as in the B21D7SG,RS1Q 
mutant. Thus, the mutations made in B21D78G ; RS1Q 
result in a major alteration of side-chain chemistry in this 
region. The G78 and Q81 residues are also found in the 
BFIV15 [9] and BFIV2 (H.D. Hunt, unpublished observa- 
tion) alleles. The results of the alloantibody binding and 
adsorption experiment using this mutant were very 
informative. Expression levels of the various constructs in 
the cell lines were similar as shown by the level of binding 
of the FLAG-specific M2 antibody. There was variation in 
binding of the two B21-specific alloantisera to the different 
cell lines, suggesting alteration of alloantisera binding 
sites. The lowered binding of 7283 to the B21D78G,R81Q 
cell line suggested that the mutant lacked an epitope 
recognized by the antisera. The B21D78G,R81Q mutation 
was designed to lack the BF D78-R81 epitope of B21. 
Adsorption of 7283 with B21D78G,RS1Q removed all 
activity to B21D7SG,RS1Q but left reactivity to B21. Anti- 
bodies also remained to B21 and B5 PBL. The antibodies 
to BF21 epitopes had all been removed except for those 
specific to the D78-R81 region. 

Interestingly, this same D7S-RS1 polymorphism seen in 
BFIV21 occurs in the BFIV5 sequence (H.D. Hunt, 
unpublished data) and may explain the B5 cross-reactivity 
commonly seen with B21-specific antisera. The signifi- 
cance of the D78-R81 epitope in haplotype specificity was 
confirmed with the adsorption experiment utilizing the 
second B21-specific alloantiserum, 7286. This antiserum 
was produced in a B5/B15 individual and was thus not 
expected to contain antibodies against this region. The 
adsorption data confirmed the lack of D78-R81 epitope 
. antibodies in 7286. 

The CTL assay showed that the D78-R81 region did have 
a slight impact on recognition by CTL, perhaps because 
this region interacts with the T cell receptor. Mutations at 
H-2 residue 82 (BF 81) have been found to impact on H- 
2K b CTL reactivity [33]. A similar effect is predicted if the 
avian BFIV molecule is structurally similar to the mamma- 
lian class I glycoprotein in this region. The BFIV13 haplo- 
type was used as a negative control for the CTL, since this 
cell line expresses all viral peptides associated with ALV 
infection, as did the other cell lines. There was no lysis of 
the BFIV13-expressing cell line, confirming the MHC- 
restriction of the CTL activity. 

The second region to be altered (BF residue 34) was 
selected because, according to the HLA- A2 crystal struc- 
ture, this amino acid should be on a (3-strand directly 
underneath the a-helix and thus not exposed for antibody 
interaction (Fig. 4). This residue should be significant in 
np.ntidft nrf.sp.ntatinn. as it is predicted to contact the main- 
chain carbon of the peptides bound in the ARS [14]. In the 
BFIV21 allele, BF34 is M (large, sulphur-containing, neu- 
tral) versus T (smaller, neutral) in BFIV15, BFIV19vl and 
the BFIV21M34T mutant. The BFIV12 and BFIV19- 
haplotypes both have a V at position 34 [9]. Adsorption of 
7283 with the B21M34Tcell line removed all B21 specific- 
ity, confirming the prediction that B21M34Twas serologi- 
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cally identical to B21. The results of the CTL assay clearly 
show the significance of residue 34 in peptide binding. The 
change of M to T in the B21M34T mutant greatly 
decreased the ability of this cell line to be a target for CTL. 

The alignment of the BFIV nucleotide sequences with 
HLA-A2 and the structure/function data presented show 
some interesting similarities between the two molecules. 
Those amino acids predicted from crystallographic studies 
to be important for the overall structure of the glycopro- 
tein (such as a-helix or |3-strand formation) are conserved 
[4, 11, 14] and polymorphisms occur in similar amino 
acids, suggesting similarity in functional significance. 
However, there are also some intriguing differences 
between the avian and mammalian class I molecules. In 
the BF a-1 domain, only two of the six conserved mamma- 
lian salt bridges (HLA H3-D29 and R42-D60) occur. The 
change in sequence to an additional glycosylation site at 
BF N37 (HLA D37) interferes with two of the conserved 
mammalian salt bridges. The degree of amino acid homol- 
ogy between the avian and human a-1 domains is 40%. 
These differences suggest structural variation. The pres- 
ence of conserved salt bridges in mammalian class I mole- 
cules has been proposed to be important for stability of the 
three-dimensional structure [14]. The lack of these salt 
bridges in the avian class I molecule with conserved struc- 
tural similarity -implies that these salt bridges are not nec- 
essary elements for functional class I structures. In con- 
trast to the a-1 domains, avian and mammalian a-2 
domains are much more similar. There is a 55 % amino 
acid homology between avian and human sequences. The 
intradomain disulfide bond is conserved, as are all five of 
the conserved mammalian salt bridges. The a-helices of 
the a-2 domains are important contact sites for the T cell 
receptor [33], and perhaps this requirement and the rigid- 
ity imposed by the intrachain disulfide bond requires more 
conservation and inflexibility within the a-2 domain. 
While fine structural differences may exist, this mutant 
analysis shows that structurally and functionally, avian and 
mammalian class I glycoproteins are very similar. 
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